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Abstract

Electromagnetic devices have experienced remarkable progress in terms of their high
performance, multiple functions, downsizing, and light-weight trend. This progress has
mainly been brought about by higher-speed processing, lower voltage operation, and
higher component density in the printed circuit boards (PCBs). However, transmission
lines design on PCBs will be one of the bottlenecks in today’s Gbps transmission due to
the effect of electromagnetic compatibility (EMC) and signal integrity (SI) issues.

This thesis focuses on the differential transmission lines commonly used in high-speed
signal transmission on PCBs such as USB3.0 (5.0 Gbps), SATA3 (6.0 Gbps), and PCI
Express Rev.3.0 (8.0 Gbps). Due to the demand for higher density and smaller size
of the PCB, the differential transmission line, which should be originally symmetrical,
becomes asymmetrical, causing deterioration of SI and generation of common-mode noise.
This common-mode noise is one of the significant factors of electromagnetic interference
(EMI). Therefore, this thesis solves the following problems that can occur in high-speed
differential transmission lines.

(A) common-mode noise generated at a bend of the differential transmission lines.

(B) differential skew caused by different effective relative permittivity around each line
of differential transmission lines.

(C) differential mode crosstalk between adjacent differential pairs.

The main objective of this thesis is to elucidate the mechanism of EMC and SI issues
of (A), (B), and (C), and it is to propose a design of high SI and low common-mode
noise transmission lines. The author believes that the knowledge obtained by solving
these problems will be useful for PCB wiring design to realize next-generation high-speed
transmission and high-density mounting.

Chapter 2 examines a tightly coupled asymmetric tapered tightly bend structure to
reduce (A). That is a proposal from our research group, which adjusts the length of
the asymmetric taper to compensate for the path difference at a bend of the differential
transmission lines and suppress the common-mode noise generation from the differential-
to-common mode conversion. This thesis (assuming as high-density wiring) proposed a
tightly coupled asymmetrically tapered bend that limits the bend structure within the area
of the conventional bend and its design methodology. First, a geometrical path difference
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of the asymmetric taper part was defined, the setting of the taper formation conditions
and the calculation formula of the structural parameter was derived. Furthermore, by
reducing the line width and line separation of the tightly coupled bend, the geometric
path difference and the effective path difference were matched, and it was shown that the
characteristics as designed were obtained. Then, using 3D electromagnetic simulation and
measurement evaluated the 45 degree-angle bend formed based on our design methodology
and found that the differential-to-common mode conversion was decreased by almost 20
dB and maintain its transmission characteristics compared to those of the conventional
bend.

In Chapter 3, to reduce (B), a mesh ground structure that does not affect the differen-
tial skew and characteristic impedance of the differential line was investigated. In general,
the angle between the differential lines and the meshed ground in a flexible printed circuit
(FPC) board is 45° and the differential lines are placed symmetrically to the pattern of
the meshed ground. When the design emphasizes symmetry in this manner, the interval
between the adjacent differential transmission lines becomes dependent on the pitch of
the meshed ground, making it difficult to set an arbitrary wiring interval, which results
in lower packaging density. On the other hand, if this symmetry is ignored, the effect on
a differential skew and characteristic impedance cannot be ignored. This thesis, first, fo-
cuses on the angle between the trace of the differential lines and the meshed ground plane
and investigates the angle dependence of the differential skew, taking into account phase
delay between two lines with propagation to find low differential skew at the angle other
than 45°. A simple model was proposed for reducing the calculation time but is found
to be able to evaluate the angle dependence of the differential skew at a similar accuracy
to the 3D electromagnetic simulation. As a result, it is found that the differential skew
does not depend on the position of the differential lines to the meshed ground and keeps
a comparatively small value at the angle between 30° and 40°. And, the differential skew
and characteristic impedance are not affected by the position of the differential transmis-
sion lines relative to the pattern of the meshed ground when the rotation angle is around
30° by measure for FPC test boards. As a result, it is found that the rotated meshed
ground makes the phase difference between the two lines irregular at each mesh pitch to
keep the differential skew small. Therefore, this thesis also proposed a randomly shifting
mesh position, and the same effect also can be obtained.

In Chapter 4 examined the introduction of a periodic structure into both outsides of
a differential pair to reduce (C). The effect of its crosstalk reduction was evaluated, and
the reduction mechanism was clarified. Furthermore, by focusing only on the differential
mode, the mechanism of crosstalk that occurs in adjacent differential pairs having the
periodic structure is considered by combining mode analysis, multiconductor transmis-
sion line theory, and weak coupling theory. Specifically, to explain the differential mode
crosstalk mechanism of a 5-conductor transmission line, the concept of the odd- and even-
mode differential mode was introduced. The crosstalk theory of a 3-conductor coupled
transmission line was applied to this, and the differential mode crosstalk between adjacent
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differential pairs was formulated. The validity of the formula was shown by comparing
it with the results of a 3D electromagnetic simulation. Also, the mechanism of reducing
the differential mode crosstalk of the periodic structure was investigated from the char-
acteristic impedance, effective relative permittivity, and mode coupling of the even- the
odd-mode in the differential modes. In the differential pair having two periodic structures,
it was found that the effective relative permittivity of the even- and odd-mode could be
matched, and as a result, far-end crosstalk could be reduced to 0 theoretically.

Finally, Chapter 5 concludes this thesis with a summary of the key points.
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BRI EERE, 28%RE, N, BER IR QBRI FEED STV
5. ZORFEOERIZIZT Y > bEIEEEN (Printed Circuit Boards : PCBs) 281} %
WS EWE, KEEEE SEERZENPRKRVICEBILTWS. =720, BRI
(Electromagnetic Compatibility : EMC) & {5554 (Signal Integrity : SI) DRIEEIZ &
» PCB EDfREFRE&IE, Cbps BZEDR MLV R Y 7D 1DIZHm>TW5.

AFXTIE, USB3.0 (5.0 Gbps), SATA 3 (6.0 Gbps) & PCI Express Rev.3.0 (8.0
Gbps) 7 & PCB LD @E#fE SEE T—BRIZHW 5 N2 ZEEERK 2 R E T 5. PCB
ND—JE D EEEALR /NUL D ERIZ X 0 AT H 5 R E ZBZERREE DI TR &
%Y, SIOHIPIEVE— RN/ A ZARENVLESRIING. ZOTEVE-F/AX
\%, BT ¥ (Electromagnetic Interference : EMI) DX D 1 DThH 5. L7=W-T, K
X T, EEAFREMREEIC B WTHEIZEZ D 5 53U TOMEDCHIEEZITS.

(A) ZEEERE ORI cCELSIEVE—F /1 X,

(B) ZBUERERREE D EARDIZT D FEMHFERVP R DI K> THI SR I I N D EH A
X a—.

(C) BET 2 2B THTELDT A 77 LYY Y ILVE—RIBA =7,

A SXOHMIE, (A), (B), 8L (C) IZBIFEEMCB LU SIDRED A = X 1
EMHAL, SIZHMELODIEVE—F /) A AKREDD R WMEEBKOMEZIRET S
e ThDH. INSDOMEEMIRT S Z & THES N2 RITIR AR O @RS & S B EE
% FEBLT 5 PCB ORI GHI B D EERZ TV 5.

ARFSCE 5 R CEE 2 HLABRIZLATF D@D TH 5. H2ETIE, (A) DR % EH
T 5770, ENAHT — SNBSS OVWTRELTWS., ZhidFHkc O s
N—TTRELZHDT, ENMT—OEI2FET HZ 212L D, ZEHREE D ik
THU AR ELZHETAZI L TCTA 77 LYY Y LE— RS IEVYE—RADE—FR
BHIZEBaRVE—RN A XREENZ S, KX T, SHREREZIHRIOET O
HEER D #IPH NN D 2 FEFR T — A ERE S S & 2 OGN HIEEREL . £7,
JEXSHRT — /S ER DA R R TR L, TGO TE L FHEENT A — XG5
HADOEE 217072, 617, BEEE R OMRE & AR Z RS T2 22k b, &M
7R 72 & SR ARG 2 2 — B S, EHE D ORER RS onNE Z & 2R L2 FL
T, ETABEICHEDWTIEE L 72 45° O JE i 2 3R U, @5 OJf kS & i U Tz
EEMEIZZED ST, T4 T77 LYY YILE—RDPSLIEVE— RADE— REHA 20 dB
Ml cEZ 2 3MBHRAY I 2L —Ya vy eEMCIDRLUE.
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HIETIE, (B) 2RI T 5720, ZEHRKICN LU TEEBAF 2 —OREA v ¥ —
RV AR G2\ A Yy ad Ty NiEEEFHNZ., 7VFT 70 7Y v b A
(Flexible Printed Circuit : FPC) Bk TlZiliH, A v a5 7 v RE2FERRIIT LT
45° [AIRE L, DR FENE Z ZBEARO N LICEES 255, 20O & S IR % E
T5E, BEAFEBROMIEIIA Y Y270 FORXAyYay FIKRFEL, RO
MREREICT A Z e WNEEE 2D, REREL2 NIFRZ 2120805, —FH, ZOXRHMEE
T DL EZEAX 2 — PR V=XV A5 Z B EERMETE RN, KHXT
i, £9, EEERRE A a I Y RORTABIZERL, 45° TlEZWIOMET
FEA X 2 —HMEIHT D, ZBERRD 2 KOFRIKZ BV DAEHRIZAE S A FHE LB DD
SEMAX 2 —DAEKENZFAN., TORHEEZEBS THNTHZET V2K
U, SIRTEBMAY I a b — 3 VIGEWHEE TEBA X 2 — O AEIKEEDOREM AT &
L5 %mUE. FLUT, ZEEEBE Ay a2l S ROBTHEE 30° & 40° ORFIZ
TEHILT, ZEBAF 2 -—DEFHEEEAY Va7 TIT Y FOMBEIZIZFE A CIKGFEET,
ZOMEE BN KRB Z 2O NZ U, 72, AEZ 30° 12U 7 EEKIZ X
D, AEEAMCEIA D BGED EMAF 2 —2/NILTE, A VXV ADNE
WEEEIZEAERNWI L 2R L. T LT, TOMRBA DAL EZFTARIZL Z A LN
MAEZEZ T VRLMIUEZZEIZRRRTBEZEDRDND, Ay al Iy REREEIEELD
TR, AV Vafi@z2 I VALY 7 hEEBZETHRERIUFERESNS Z L 2R
L7-.

HAFETIE, (C) DEBZEERT S8, £ZERT OGO /M E IR EDE A
EMET L7z, 2070 A M= EBOEETAML, FOMEEA D= XL %S IZL
2. TS5, TAT77 LV VU Y LVE—ROAIEHTSZ LT, AEER2ROBET 2
EERT CRETEIZUA N =2 DA A=A L% E— NN, LEMREERKHEEH P &
Vit G2 HASDLETER L. BRI, 5 B8R EEREOT s 77 LY v b
E—RIJOAN—=PVDAI=AXL%ZHHT B0, GE—FREEE-—FRKDODT1 771V
VYILE— FOMEEZEAL, 3ERGEAMEMIEO 7 0 A b — 27 Mig2E ZIZh TIED,
B EER R TDOT 4 77 LYY Y VE— RO AN =22 ERNMbL Uz, 3IRTCEEA S
Salb—va ViR KT B Z e THARDZ YN EZRL, 61T, T477Lb 0¥y
NE—RNIZBWTHE—RNEHE— NORMEA V=XV A, ERHEFEERBLOE-F
HWEPSHAMBEDT 1 77 LYY Y VE—RZ2O0A M =2 DIEEA I = X L% HFHR, 2
HORMEE 2 OZFRT7 T, BEHE— NOENHFELRL2 —HRIBLILNTE,
ZORERRG 7 A A N —27 ZHERIZIZ0IZTEARZ 2SI L.

BB, BHETIHE, AR THESN-HRZ O,
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Chapter 1

General Introduction

1.1 Background

Today, the progress of modern electronics technology plays a significant role in the
industry and people’s daily lives. Electronic products such as tablet PC and smartphones
have experienced remarkable progress in terms of their high performance, multiple func-
tions, downsizing, and light-weight trend. This progress has mainly been brought about
by higher-speed processing, lower voltage operation, and higher component density in the
printed circuit boards (PCBs). However, these trends are followed to increase the com-
plexity and cost of trace layout and chip placement [1], and it should make serious con-
siderations of electromagnetic compatibility (EMC) and signal integrity (SI) issues [2,3].

EMC includes electromagnetic interference (EMI) and Electromagnetic Susceptibility
(EMS). The so-called EMI, it is necessary to minimize undesirable electromagnetic radi-
ated and conducted emissions from electronic devices that might affect other devices and
the device itself. And, EMS, it is necessary to raise the ability of the electronic devices
not to be affected by the surrounding electromagnetic environment in the process of per-
forming due functions. At the same time, various organizations are actively formulating
relevant regulations for regulation, such as the Voluntary Control Council for Interference
by Information Technology Equipment (VCCI), the Federal Communications Commission
(FCC), and the Comite European de Normalisation Electrotechnique (CENELEC), etc.,
which highlights the importance and urgency of EMC related issues.

SI refers to the quality of a signal transmitted between a driver and a receiver for
the proper functioning of the circuit system. SI design has got significant development
in recent years and grown into an area covering many critical aspects in high-speed dig-
ital circuit design, including signal propagation on transmission lines (loss, reflection,
crosstalk, and skew, etc.), characterization of parasitics and discontinuities, power in-
tegrity (PI), and so on. However, with the continuous increase of signal propagation
speed, frequency, and circuit density, as well as the decrease of electronic products form
factor, and logic level, nowadays it is increasingly critical to ensure quality SI design for
high-speed transmission. Otherwise, electronics may fail to function correctly.
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Accordingly, EMC and SI become more and more important design factors in high-
speed PCBs. In especial, in today’s high-speed transmission lines in PCBs, are usu-
ally not electrically short anymore, and thus, need to be analyzed and designed using
a multi-conductor transmission line theory [4,5]. Effects previously considered to be
negligible in low-speed transmission designs can become primary design issues with the
increase of signal propagation speed, and the decrease of electronic products form factors,
such as frequency-dependent losses, imbalance, and mode conversion, and so on. At the
same time, high data bandwidth demand for next-generation high-performance comput-
ing (1004 Gbps), cloud communication/computing (50+ Gbps), and client devices (20+
Gbps) [6]. Transmission lines design on PCBs will be one of the bottlenecks to achieve
such high data bandwidth.

1.2 Motivation

The differential signaling has become a popular choice in today’s multigigabit trans-
mission due to its high immunity to noise, low crosstalk, and low EMI conferred by its
symmetrical properties. For example, PCI Express interfaces between boards inside the
personal computer and SATA interfaces between the hard disk and the main-board, also,
the display with HDMI, and other peripheral devices with USB, and so on. To support
differential signaling in PCBs, the differential transmission lines are required. That is,
concerning the PCB ground reference drive both signal traces, and differential signal-
ing implies that signals in two signal traces with equal magnitudes with a 180° phase
difference between the two, as shown in Fig. 1.1.

Differential transmission lines
180° phase difference /

Port 1 Line #1 ; G U

Port 2 £ W ! J P
Line #2

Port 3

Figure 1.1 Symmetric differential transmission lines.

While differential transmission lines additional signal quality and allows longer traces
to be used than the traditional single-ended transmission line [7, 8], as PCBs become
increasingly dense and compact, the limited PCB space prevents symmetrical differential
transmission line layouts, there are some EMC and SI issues that are not easily apparent
[9-11]. A significant amount of common-mode noise can be created when the length of
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the two traces in the differential pair is slightly different, or the differential signals have
small amounts of in-pair skew, or if the rise/fall times are somewhat different [12]. This
common-mode noise is one of the significant factors of EMI [13-16]. Potential common-
mode noise due to imperfect differential transmission lines layouts on PCBs could affect SI
through mode conversion or crosstalk, as discussed earlier. Thus, these nonideal situations
need to be carefully considered in high-speed differential signaling transmission. In this
paper, we have studied the following nonideal situations:

(A) common-mode noise generated at a bend of the differential transmission lines.

(B) differential skew caused by different effective relative permittivity around each line
of differential transmission lines.

(C) differential mode crosstalk between adjacent differential pairs.

The main objective of this thesis is to elucidate the mechanism of EMC and SI issues
of (A), (B), and (C), and it is to propose a design of high SI and low common-mode
noise transmission lines. If (A), (B), and (C) are ideally achieved, we believe that it is
meaningful to design next-generation high-speed PCBs by utilizing the development and
improvement of the high-speed signal transmission.

Path difference : /4

Differential transmission lines/
" Line #1 / .L E

Port4 Port3

Ground

Figure 1.2 Differential transmission lines with bending discontinuity:.

First, about issues of (A), as shown in Fig. 1.2 : Virtually every PCBs design will ex-
hibit bends in some or all the transmission lines. The path difference l4 from the bend of
the differential transmission lines causes the propagation time difference of time-domain
transmission and the output phase difference will not exhibit + 180° between Line #1
and Line #2, which leads to converts differential-mode signals into common-mode signals.
That is known as differential-to-common mode conversion. This differential-to-common
mode conversion can cause serious common-mode noise issues and degrade SI [17-21].
In [22-24], various common-mode suppression filters can be used to suppress induced
common-mode noise of differential transmission lines. For example, the common-mode
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suppression filters with defected ground structures. However, defected ground struc-
tures can degrade the SI by causing discontinuities in the current return paths and de-
grade wiring density by their bulky size, also limited common-mode suppression band-
width. Therefore, several researchers have proposed various techniques to suppress the
differential-to-common mode conversion caused by bend on differential transmission lines
without common-mode suppression filters. In [18], the compensation capacitance in an
inner line of of the bent coupled lines was proposed by using a square patch for right-angle
bends and a fan-shaped patch for 45-degree-angle bends to suppress the differential-to-
common-mode conversion. In [25], the bend differential transmission lines using a com-
pensation inductance is proposed to suppress the differential-to-common-mode conversion.
The bend differential transmission lines using the compensation inductance can then be
implemented by the bend differential transmission line using the short-circuited coupled
line. Although capacitance and inductance compensation methods can effectively sup-
press the common-mode noise with proper adjusting capacitance and inductance values,
the physical size of both capacitance and inductance structures in the bending area is
too large, which led to and the reflection of an inner line will be increased obviously and
wiring density deterioration. In [27,28], proposed bend differential transmission lines with
the slow-wave structure. The slow-wave structures can reduce the phase velocity of the
short inner line, thus decrease the propagation time difference with that of the long outer
line. The surface mount device capacitor were used for compensation capacitance of the
asymmetric coupled lines inner lines to reduce the common-mode noise [29]. Although
the common-mode noise has a significant reduction with surface mount device capaci-
tor compensation, yet the useful operating bandwidth of differential-to-common mode
conversion and differential-mode transmission will be limited in the low-frequency band;
also, vias and capacitors will increase the manufacturing cost. In [30-33], the differential
transmission lines using a tightly coupled symmetrically tapered bend was proposed to
suppress the differential-to-common mode conversion by decrease the path difference. Al-
though the tightly coupled bend can suppress differential-to-common mode conversion by
the tightly coupled bend shortens the path difference, but it always remains. Also, it has
a higher differential-mode reflected compared with the case of the tightly coupled bend.

Next, about issues of (B) : There is known a problem with the differential skew, such
as PCBs are generally constructed with various glass fibers saturated in epoxy resin. Since
relative permittivity of the glass fibers is about 6 and relative permittivity of the epoxy
resin is about 3, the distribution of the epoxy resin and the glass cloth around each differ-
ential transmission line causes a phase difference that leads to a differential skew, which
leads to differential-to-common mode conversion. In high-speed signal transmissions, dif-
ferential skew induced by the glass cloth is one of the important factors that cause the
deterioration of signal quality [34,35]. The glass cloth effects can be accurately modeled
directly with 3D electromagnetic analysis by using a detailed description of weave geom-
etry and resin filling as demonstrated in [36-40]. This approach is accurate when the
geometry and composite material properties are properly defined. The periodic changes
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Differential transmission lines

Meshed ground

Figure 1.3 Asymmetry of differential transmission lines over a meshed ground plane in
FPCs causes differential skew and characteristic impedance changes.

in dielectric properties along the line can be accounted for with concatenation of T-line
segments with different parameters as suggested in [41] or by periodic loading of the
transmission line model as done in [42]. However, these approaches have the process of
geometry description laborious or analysis time is relatively long. Also, these approaches
cannot be used for statistical analysis of interconnects running at different locations and
angles concerning the fiber lattice. It has been reported that the differential skew is mit-
igated when the angle between the trace of the differential transmission lines and the
thread of the glass cloth is around 10° [43]. To the author’ best knowledge, the angle
dependence between 10° and 45° and the optimum angle have not been investigated yet.

On the other hand, in recent years, flexible printed circuit (FPC) boards have been
increasingly used in electronic devices as electronic devices become smaller and lighter.
The dielectric of an FPC is very thin, and the characteristic impedance of its differential
transmission lines is lower than the designated value, so the ground (i.e., the return
path of the differential transmission lines) is formed into a mesh structure to increase the
characteristic impedance without changing the line width, as shown in Fig. 1.3. In general,
the meshed ground is rotated by 45° relative to the differential transmission lines. The
ground is also arranged such that the intersection position of the meshes are on the axis
of symmetry of the differential transmission lines [44,45]. When the design emphasizes
symmetry in this manner, the interval between the adjacent differential transmission
lines becomes dependent on the pitch of the meshed ground, making it difficult to set
an arbitrary wiring interval. Considering the characteristic impedance, it is necessary
to make the mesh pitch rough to cope with the thinning of the dielectric, which results
in lower packaging density. To improve the wiring density, the structure of the mesh
must be changed; to do so, the wiring design of the lines must be redone first. Also, it
is challenging to arrange the lines and the meshed ground completely symmetrically in
actual production. If the two are even slightly asymmetrical, the characteristic impedance
changes [46], causing mode conversion and differential skew [47]. The effect of line position
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on the effective characteristic impedance of a single-ended transmission line has been
investigated in detail using full-wave simulation. When the angle between the wiring and
the meshed ground (i.e., the rotation angle) is 0 or 45°, the characteristic impedance
is heavily affected by the arrangement, but the effect is slight in the range of 10 to
40°, and around 22.5°, the effective characteristic impedance is unaffected by the wiring
position [46]. However, To the author’ best knowledge, when the differential transmission
lines are wired on the mesh ground, the position dependency of the differential skew and
the characteristic impedance have not been investigated yet.

Differential-mode crosstalk

Port 7 Port8

Port5 Port 6

%f—/ %f—/
Differential pair #1 Differential pair #2 &

Figure 1.4 Differential-mode crosstalk between adjacent conventional differential pairs.

Finally, about issues of (C), as shown in Fig. 1.4 : In dense circuits, crosstalk is one
of the most critical ST and EMI issues [11, 48,49, 58] and has already become one of
the dominant limiting factors for achieving a high-speed transmission. Theoretical and
discussions for the crosstalk mechanism through the magnetic or electrical coupling have
been well investigated [2,50-52]. Various approaches and design rules or recommendations
have been explored in the literature and established to help reduce the effects of crosstalk
between adjacent coupled lines so far [53-57]. However, there are few approaches and the-
ories about suppressing differential-mode crosstalk between neighboring differential pairs
so far. When more than two differential pairs run in parallel, a line is mainly coupled to
the adjacent line because all the lines are parallel and in a fixed order. Accordingly, the
two lines that constitute a differential pair are subjected to differential-mode crosstalk,
which cannot be canceled out by differential signaling. As the spacing between two neigh-
boring differential pairs is reduced and the rise times of digital signals become shorter,
crosstalk becomes a more severe problem, strongly influencing the reliability and SI of the
system. It generates additional delays, skews, jitters, or false switching of digital logic,
degrading the noise margin and the timing margin of the system [11,58]. In [59], putting
a guard trace (guard trace should be necessarily via-grounded) between the adjacent dif-
ferential pairs to help prevent or minimize the effects of crosstalk. However, these guard
trace structures can reduce wiring density. Also, vias will increase the manufacturing
cost. A twisted differential line structure was proposed in [60]. It is difficult to apply
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next-generation high-speed signal transmission because this structure is too complicated.

1.3 Outline

Figure 1.5 shows the flow of the discussion in this thesis, which is organized as follows.

Chapter 2 described a tightly coupled asymmetrically tapered bend to suppress com-
mon mode noise due to differential-to-common mode conversion caused by bend discon-
tinuity in a pair of differential lines [61-64]. That is a proposal from our research group,
which adjusts the length of the asymmetric taper to compensate for the path difference
at a bend of the differential transmission lines and suppress the common-mode noise gen-
eration from the differential-to-common mode conversion. This thesis (assuming as high-
density wiring) proposed a tightly coupled asymmetrically tapered bend that limits the
bend structure within the area of the conventional bend and its design methodology. First,
a geometrical path difference of the asymmetric taper part was defined, the setting of the
taper formation conditions and the calculation formula of the structural parameter was
derived. Furthermore, by reducing the line width and line separation of the tightly coupled
bend, the geometric path difference and the effective path difference were matched, and
it was shown that the characteristics as designed were obtained. We also using full-wave
simulation and measurement evaluated the 45 degree-angle bend formed based on our de-
sign methodology and found that the methodology helps improve differential-to-common
mode conversion and maintain its transmission characteristics compared to those of the
conventional bend.

Chapter 3 described two mesh ground structures that do not affect the differential skew
and characteristic impedance of the differential line. This thesis, first, focuses on the angle
between the trace of the differential lines and the meshed ground plane and investigates
the angle dependence of the differential skew, taking into account phase delay between
two lines with propagation to find low differential skew at the angle other than 45°. A
simple model [65,66,68] was proposed for reducing the calculation time but is found to
be able to evaluate the angle dependence of the differential skew at a similar accuracy
to the 3D electromagnetic simulation. As a result, it is found that the differential skew
does not depend on the position of the differential lines to the meshed ground and keeps a
comparatively small value at the angle between 30° and 40°. And, the differential skew and
characteristic impedance are not affected by the position of the differential transmission
lines relative to the pattern of the meshed ground when the rotation angle is around 30°
by measure for FPC test boards. We also built two sets of FPC test boards. Our first
set of test boards were built to examine differential skew, characteristic impedance, and
transmission characteristics. Our second set of FPC test boards were built to evaluate
the transmission characteristics of the differential transmission lines, including bending,
to test the feasibility of high-density mounting. As a result, it is found that the rotated
meshed ground makes the phase difference between the two lines irregular at each mesh
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pitch to keep the differential skew small. Therefore, this thesis also proposed a randomly
shifting mesh position, and evaluate the differential skew and characteristic impedance
by the different position of the differential transmission lines.

Chapter 4 described the achievement of crosstalk reduction by introducing a periodic
structure into both outsides of a differential pair, and their propagation characteristics
were evaluated [77,78]. In this chapter, we focus only on the differential mode, and the
mechanisms of crosstalk occurring in adjacent differential pairs with the periodic struc-
ture were investigated by combining modal analysis, multi-conductor transmission line
theory, and the simplifying assumptions of weak coupling. For discussion differential-
mode crosstalk of the 5-conductor transmission line, we proposed the concept of odd-
and even-mode differential modes by referring to [58]. According to the classical cou-
pled transmission line theory, we can use the approximate solution of [79,80] and equate
near- and far-end differential-mode crosstalk to the mixed-mode S parameters. From the
formula of this thesis, near-end differential-mode crosstalk and far-end differential-mode
crosstalk are analyzed. The author has also compared them with full-wave simulation
results.

Chapter 5 concludes this thesis with a summary of the key points.
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Chapter 2

Suppression Method of Mode
Conversion in Bend of Differential
Transmission Lines

2.1 Introduction

The differential signaling scheme has become required in high-speed digital systems
due to its high immunity to noise, low crosstalk, and low EMI conferred, and it is generally
used to high-speed interconnector interface, such as PCI Express, USB3.0, HDMI, and so
on. For differential signaling on printed circuit boards (PCBs), a pair of coupled transmis-
sion lines are used. However, as PCBs become increasingly dense and compact, making
symmetrical differential transmission line layout impossible in the limited PCBs space.
For example, there can be a path difference between the inner and outer lines of differen-
tial transmission lines with asymmetrical layouts, such as those with bend discontinuities,
as shown in Fig. 2.1(a). Thus, the output phase difference (in Ports 3 and 4) between
Line #1 and Line #2 may not maintain a constant at 180°. The path difference causes
mode conversion from the differential-to-common mode, and this conversion can cause
serious common-mode noise issues and degrade signal integrity (SI) [6,18]. In recent
years, several researchers have proposed various methods to suppress the differential-to-
common mode conversion caused by differential transmission lines bend structures. For
example, the compensation capacitance in the inner line was proposed by using a square
patch for right-angle bend, and a fan-shaped patch for 45-degree-angle bend [18], using the
short-circuited coupled line for compensation inductance [25], using a slow-wave structure
scheme [27,28], the surface mount device capacitors were used for compensation capaci-
tance of the asymmetric coupled lines inner lines [29], etc. These proposed structures can
suppress the differential-to-common mode conversion. However, these bend structures
have protruding structures reduced wiring density and larger differential-mode reflection
than the conventional bend structure. As the progress of modern technology has led
to an increasing tendency toward higher speed, high-density. Therefore, these proposed

11
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(c) Tightly coupled asymmetrically tapered bend

Figure 2.1 Conventional bend and previously proposed structures for reducing path
difference..

structures are difficult to apply to the next generation of miniaturized high-speed PCBs.
In this thesis, we focus on suppressing the differential-to-common mode conversion by
decrease the path difference. In keeping the differential-mode characteristic impedance
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Figure 2.2 Tightly coupled asymmetrically tapered bend for high-density wiring treated
in this thesis.

constant, tightly coupled differential transmission lines make the path difference shorter
by decrease the linewidth and the line separation, while the narrow linewidth increases
propagation loss due to the skin effect. In [30-33], a tightly coupled symmetrically tapered
bend shown in Fig. 2.1(b) has been proposed to simultaneously realize lower propagation
loss due to weakly coupled straight lines and lower differential-to-common mode conver-
sion due to the tightly coupled bend area. However, the tightly coupled bend shortens
the path difference, but it remains.

To compensate for the remaining path difference in the tightly coupled bend, we previ-
ously proposed a tightly coupled asymmetrically tapered bend to suppress the differential-
to-common mode conversion [61,62], as shown in Fig. 2.1(c). The concept of the proposed
bend is to compensate for the path difference remained in the bend by introducing the
asymmetric tapers. As shown in Fig. 2.1(c), the total taper length of Line #1 is set
shorter than that of Line #2, and the path difference of tightly coupled bend can be
disappeared by adjusting the length of the asymmetrically tapered. However, the pro-
posed bend structure was not limited within the area of the conventional bend, which
also can degrade high-density wiring on PCBs. In [62], the geometrical path difference
is substituted for the effective path difference. But in practice, an additional correction
(the geometrical path difference set to a negative value [62]) is required to make the ef-
fective path difference vanish. In this chapter, we investigate the effective path difference
vanishes by reducing the linewidth and the line separation in tightly coupled bend.

In this chapter, first, as shown in Fig. 2.2, the author proposes to suppress the
differential-to-common mode conversion in 45-degree-angle bend by the tightly coupled
asymmetrically tapered bend for high-density wiring in [63,64]. Next, we investigated the
essential design methodology of our tightly coupled asymmetrically tapered bend to limit
it within the area of the conventional bend as a light gray area (Fig. 2.2) and clarified
its required constraint conditions. And, the relationship of the differential-to-common
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mode conversion with the effective path difference is discussed based on the results ob-
tained from the full-wave simulation. Finally, the new bend structure formed based on
our design methodology is evaluated using the results obtained by not only the full-wave
simulation but also the measurement.

2.2 Mode Conversion Prediction Using Path Differ-
ence of Bend

This section, first, explains the parameters necessary for evaluating transmission char-
acteristics and describes the relationship of the differential-to-common mode conversion
with the effective path difference /4. Next, we defined the geometrical path difference l44
is substituted for the effective path difference Iy for facilitating this chapter discussion.
Finally, the author explains the suppression method of the differential-to-common mode
conversion using the proposed bend structure.

2.2.1 Differential-to-Common Mode Conversion

Scattering parameters (S parameters) greatly assist in the design, analysis, simulation,
and measurement of the transmission lines. And, a mixed-mode S parameter makes
it easier to analyze the differential transmission lines. We can by converting a single-

Port 1 O— —QO Port 3
ST T
Si S Sy S
St S S S
S41 S42 S43 S44
Port 2 O— —QO Port 4
(a) Single-ended 4-port circuit
o— O
dell delZ Sdcll Sdch
Difterential port 1 B ez Sen S Differential port 2
Scdll ScdlZ Socll SCClZ
L Sod21 Sod22 Soc21 Soc22 |
O— —O

(b) Conceptual diagram of mixed-mode 2-port

Figure 2.3 Two ways to represent differential circuits.

ended four-port network (Fig 2.3(a)) into a differential two-port network (Fig 2.3(b)) via
mixed-mode S parameters [73]. The response of a four-port network to common and
differential input signals can be characterized using two-port mixed-mode S parameters.
The single-ended ports 1 and 2 can be combined into a differential port 1 via mixed-
mode S parameters. Also, the single-ended ports 3 and 4 can be combined into a further
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differential port 2 in the same way, and the corresponding differential and common-mode
responses are measured on all of the ports. We analyzed the differential-mode propagation
of bent differential transmission lines in terms:

e forward differential-to-common mode conversion (Scqo1)
e backward differential-to-common mode conversion (Scq11)
e differential-mode reflection coefficient (Sgq11)

e differential-mode transmission coefficient (Sqq21)

This thesis focuses on analyzing that S.qo; because it occupies a dominant in the
differential-to-common mode conversion. In mixed-mode S parameters, |Scq21| can be
expressed with single-ended four-port S parameters as follows:

1
| Sedz1| = §|S31 — Soq + Sy1 — Ssa]. (2.1)

In Eq, (2.1), |S31 — S42|/2 and |Sy; — S52|/2 correspond to mode conversion caused by the
phase difference and the crosstalk, respectively. The magnitude of mode conversion due
to the phase difference is dominant in |Scqo1| [62]. Therefore, we use the approximation,
which usually holds for differential transmission lines, to simplify the calculation. [Scqo1|
can be rewritten,

1
| Seaz1| = §|S31 — Sou]. (2.2)

Then, it is explained that the amount of differential-to-common mode conversion
|Scao1| greatly depends on the phase difference generated by the effective path differ-
ence lq of the differential transmission lines. An equation that can easily give the mode
conversion amount from /4. In the bend structure shown in Fig. 2.1(a), Line #1 is longer
than Line #2 by l4/2, and Line #2 is shorter than Line #1 by l3/2. Using the wave
equation, each standard S parameter can be expressed by the following equation,

_ I\

S31 = exp |jwt — jf3 (l + Ed) (2.3)
B . la) |

Sp =exp |jwt —jpB (1 — 3 (2.4)

where 3 is wave number and given as f = wy/Eresi/c = 27 f\/Erei /¢, € is the speed of light.

Here, when Eqgs, (2.3) and (2.4) are substituted into Eq. (2.2) and rearranged, the
differential mode of the input port becomes the common mode of the output port. The
amount of the forward differential-to-common mode conversion |Scqo1| is obtained assum-
ing no propagation loss by the following derivation:

an (LY | o5

|Scd21‘ =
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Approximation in Eq, (2.5) is valid as long as ¢/(7m/Eretr) < flla| is satisfied. It is found
from Eq, (2.5) that the differential-to-common-mode conversion is proportional to both
frequency f and lg.

2.2.2 Suppression Method of Mode Conversion using Proposed
Bend

The |Scq21| is strongly related to the effective path difference l4, as can be seen from
Eq, (2.5), but it is challenging to define apparently. In [62, 64], the geometrical path
difference l4y is substituted for the effective path difference for facilitating this chapter
discussion. First, as shown in Figs. 2.1 and 2.2, the structural parameters of three different
bend structures as following:

e w : line width

e s : separation between differential transmission lines

e w, : line width of tightly coupled bend

e s, : separation between differential transmission lines of tightly coupled bend
e [; : taper length

e /i1 : taper’s center-line length of Line #1

e [ : taper’s center-line length of Line #2

e [, : length of straight part between taper and tightly coupled bend

o 4, : geometrical path difference

e Al; : compensation amount

The geometrical path difference /g4, is defined as the subtraction of the center-line
length of Line #1 from that of Line #2 as a red dashed line, and continue to use it
in this paper. The figures also show the geometrical path difference of three types of
bends depending on the bend angle ¢. First, the geometrical path difference, which is
represented as a short red solid line of the conventional bend shown in Fig. 2.1(a) is given
as

lag = 2(w + s)tan (g) : (2.6)

Next, the geometrical path difference of the tightly coupled symmetrically tapered
bend shown in Fig. 2.1(b) is given as

lag = 2(5n + wy)tan <§) . (2.7)
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When it has the bend angle ¢ in the same way as the conventional bend. Equation 2.7
indicates that the tightly coupled symmetrically tapered bend shortens the path difference
because w, < w and s, < s, but the path difference of 2(s, + wy,)tan (¢/2) still remains.

Finally, our tightly coupled bend with asymmetric tapers shown in Fig. 2.2 has oblique
tapers that can compensate for lq, that remains in the tightly coupled symmetrically
tapered bend. Extending the taper of Line #2 and shortening the taper of Line #1,
therefore, results in the compensation amount Al; = ;5 - l;;, which is represented as a
short blue solid line, where l;; and li» are the taper’s center-line lengths of Lines #1 and
#2, respectively. Therefore, lgy of our tightly coupled asymmetrically tapered bend shown
in Fig. 2.2 is given as

=2 o (2) - ). o8

Consequently, the total geometrical path difference vanish when the taper of Line #2 is
longer by 2(s, + wy)tan (¢/2) than that of Line #1, that is, Aly = 2(s, + wy)tan (¢/2).

Although we defined the geometrical path difference {4, for each bend structure. How-
ever, the reader should be aware of the limitations of this geometrical path difference to
realize when and if the structure parameters need to be revised.

Line #1 Line #1

Line #2
(a) Big difference (b) Small difference

Figure 2.4 Geometric path and effective path (wno<wn1, Sn2<Sni)-

There is one empirically conjectured effect that is worth noting. As shown in Fig. 2.2,
we can easily observe that the degree of change in the taper part of Line #2 is more intense
than that of Line #1. The signal flow in an asymmetrically tapered structure will flow
in such a manner that they will deviate from the expected delay based on the center-line
length. In Fig. 2.4(a), consider the arrow line, which might be a component of the signal.
Since the signal cut both corners in the taper of Line #2, that component of the signal
will arrive at the destination slightly earlier than expected, as described in [58]. So we
know that in the differential transmission lines with asymmetrically tapered structure, the
effective path difference may be slightly different than expected. And, this effect has been
seen in the full-wave simulation and measurement [61-64]. Since our design methodology
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is based on the geometrical path length, in practice, an additional correction is required
to make the effective path difference vanish.

To correction path difference of asymmetrically tapered to achieve equal Line #1
and Line #2 path length can be used 4, of the tightly coupled asymmetrically tapered
bend is set to a negative value. Thus the effective path difference /4 can disappear [61,
62]. However, the amount of this negative value is difficult to determine, and excessive
compensation will lead to an increase in S.qo1. Therefore, while minimizing S.q21, we also
need to ensure that there is no excessive compensation to improve the efficiency of the
design of the proposed bend structure.

As shown in Fig. 2.4(b), we can imagine that the signal flow in an asymmetrically
tapered structure will flow in such a manner that they will close to the expected path
(center-line length), when wyy < wy; and s,2 < su1. Therefore, in this thesis, we reduce
the difference between the geometric path difference and the effective path difference by
reducing the line width w, and line separation s, of the tightly coupled bend, as described
later.
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2.3 Design Methodology of Proposed Bend for High-
density Mounting

Figure 2.2 shows the tightly coupled asymmetrically tapered bend for high-density
wiring treated in this chapter. In this section, we proposed the design methodology of
our bend structure to limit it within the area of the conventional bend as a light gray
area. Figure 2.5 shows our design methodology of the new bend structure for high-density
wiring. By using this design flows, we can easily and quickly design our proposed structure,
and this method is suitable for the wiring bend angles commonly used in PCBs design.
It should be noted that our design method is based on the geometric path difference lq,
of 0.

Step 1

Define path difference for
proposed bend structure

w2 S o

Decide the range of values
for w, and s,

se3 S

Calculation of /;

sepd <

Calculation of /;

==

Finish

Figure 2.5 Design flows for tightly coupled asymmetrically tapered bend.

We defined geometrical path difference lgq, for the proposed bend structure in the
previous section. Initially, l4e is set to 0. Next, a range of values for w, and s, are defined
when the geometrical path difference 44 is 0. Although w, and s, are respectively different
from w and s, it is possible and essential to maintaining the same value of differential-
mode characteristic impedance as the line trace. In addition, we previous clarified that
our bend structure could reduce the difference between the geometrical path difference
lag and the effective path difference l4 by adjusting w, and s, of the tightly coupled bend.
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Therefore, when designing the proposed structure, choose as small as possible w, and s,,.
Then, according to the determined w, and s,, we can obtain the computing method of
the taper length [; of the proposed bend structure to limit the bend within the area of
the conventional bend. Finally, according to necessary constraint conditions of the length
of the straight part [y between taper and tightly coupled bend to set I, otherwise, it will
have an adverse effect on S.q91.

2.3.1 Range of Values for w, and s,

Figure 2.6 shows the asymmetrically tapered enlarged view of Fig. 2.2. Now, we
describe our design methodology, which is determined geometrically from the bend struc-
ture. As shown in Fig. 2.6, [, is the auxiliary condition for our design methodology, as

Line #1 |, ; DR /ldg/2
A A - "
w/2
A A
w A
\ 4
A
w+s
S
WntSy
A\ 4
A
W A
\ 4
Line #2

Figure 2.6 Asymmetrically tapered area enlarged the view of new bend structure.

follows
lo = (w+s)— (wy + Sn), (2.9)

and, Fig. 2.6 shows the case in which the outer side of Line #1 is just coincident with
that of the conventional bend, [}, is a required constraint condition. [}, as follows

wW — Wy

2

L, = (2.10)
Next, a range of values for m, and s, are defined is explained when the geometrical
path difference l4, is 0.
In Fig. 2.6, there are three sides (l;1, li2, and [,) form a triangle. Thus, the length of
one side must be greater than the difference between the lengths of the other two sides
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due to the conditions for the establishment of triangles, so the range that Al; can take is
given by

Al < 1, (2.11)

Here, for asymmetric taper, Al;>0.
Substituting Aly = lis - Iy and (2.9) into Eq. (2.11) get the following equation
0

(wy + sn)tan(a) - ld?g < (w+s) — (wy + spn) (2.12)

Here, the geometric path difference lq; = 0 is a condition, and from w,>0 and s,>0, the
Eq. (2.12) can be rewritten

(w+s)

Wy + 8y < ——————
1+ tan(2)

(2.13)

Eq. (2.13) is a taper forming condition. In other words, to form a taper that the geometric
path difference 4, = 0, the line width w, and the line spacing s,, must satisfy Eq. (2.13). In
addition, we previous clarified that our bend structure could reduce the difference between
the geometrical path difference l4, and the effective path difference {4 by adjusting w, and
sy of the tightly coupled bend. Therefore, when designing the proposed structure, choose
as small as possible w, and s,,.

2.3.2 Taper Length [; for Dense Traces

Here, as shown in Fig. 2.6, the calculation of the length /; of the asymmetric taper
when the case in which the outer side of Line #1 is just coincident with that of the
conventional bend will be explained.

In Fig. 2.6, there are two right-angled triangles, one consisting of Iy, l;, and [, and
the other consisting of s, l;, and (I,+1,). Therefore, there are the following formulas

2 =12+ (2.14)

2, =12+ (I, + 1) (2.15)

Substituting Egs. (2.9), (2.10), (2.14), and (2.15) into Al; = lis - lt1 get the following
equation

% (2.16)

I = \/{((w —wy) + (5 — 50))(2(w — wy) + (s — 5,)) — AR]? (0 — w,)?
2Al, 4

Using Eq. (2.16) to calculate [; of the proposed structure can be it placed in the area of
the conventional bend structure as not to affect the wiring density.
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2.3.3 Straight Part [; between Taper and Tightly Coupled Bend

In keeping the differential-mode characteristic impedance constant, make the path
difference of bend area shorter by reducing linewidth and line separation and called the
tightly coupled differential transmission lines, while the narrow linewidth and too long
ls increases propagation loss due to the skin effect [62]. However, in Fig. 2.7, too short
ls causes to increase the electromagnetic coupling of the taper area on Line #2 (as red
arrows), which leads to new imbalance due to change of impedance and propagation
constants. Thus, it leads to affect the suppress amount of S.q21 and differential-mode
propagation characteristics of tightly coupled asymmetrically tapered bend. The most
important thing in the design of /s is to properly choose a [, upon comprehensive consid-
eration of the differential-to-common mode conversion and differential-mode propagation
characteristics.

ol
—> ZS | ,."'\i"

Line #1

Line #2

Figure 2.7 Imbalance caused by too small /.

For single-ended lines, the general guidelines expressed by the 3 w (line separation is
3 times the line width) rule are known because the crosstalk (electromagnetic coupling)
can be made sufficiently small. In this paper, for simplicity, the length of the Iy does not
adversely affect the differential-to-common mode conversion and the differential-mode
propagation characteristics. Therefore, {,>3w is the optimal condition here. Its effec-
tiveness has been proved in [63]. There is room for consideration in the calculation of [,
adopted here. This is a topic for the future.
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2.4 Evaluation of Mode Conversion in New Bend Struc-
tures

In this section, first, we were using our design methodology to determine the structural
parameters of wy, s,, l;, and [;. And, these determined parameters used in Section 2.5 for
the fabrication test board and measurement. Then, we validated the new bend structure
formed based on our design methodology by full-wave simulation using a commercial
simulator, ANSYS HFSS. And, this section discusses full-wave simulation results obtained
under the assumption of no material loss, so that explains the impact of w, and s, on the
forward differential-to-common mode conversion.

2.4.1 New Bend Structures Based on Proposed Methodology

The structural and electrical parameters are summarized in Table 2.1. The dielectric
constant of the glass epoxy ¢, is 4.4, and the thickness A is 300 pm. The thickness of
the metal used as a perfect conductor ¢ is 35 um. The differential-mode characteristic
impedance Zy was set to 100 2 by using the ANSYS 2D Extractor for the cross-section
stripline structure shown in Fig. 2.8.

Line #1 Line#2 g

Figure 2.8 Cross-sectional view of symmetric stripline.

Table 2.1 Structural and electrical parameters of stripline.
Item Value Unit
Er 4.4 -
300 pm
t 35 pm

Figure 2.9 shows the relationship between the line width and line separation in terms
of the differential-mode characteristic impedance. The thick black solid lines indicate the
relationship based on the differential-mode characteristic impedance of 100 €2. The black
dot A indicates the case of the conventional bend and the common-mode characteristic
impedances of 27.6 €. According to values of w and s of the conventional bend brought
into Eq. (2.13), we can get the upper range of values for w, and s, of the tightly coupled
bend. And, according to the rules of the manufacturer of this test board, the thinnest
wiring width is 0.07 mm. Therefore, we can get the range of values for w, and s,, as shown
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Figure 2.9 Relationship between line width and line separation for differential-mode
characteristic impedances of 100 2.

in Fig. 2.9, the area surrounded by the red line. The blue dot and red dot indicate the cases
of the tightly coupled bends with different sets of w, and s,. To investigate the impact of
w, and s, on the differential-to-common mode conversion, one set of them is close to the
upper limit of the value range, and the other chooses the smaller values within the range.
The blue dot and red dot correspond to the tightly coupled part of the tightly coupled
asymmetrically tapered bend C;(same as the tightly coupled symmetrically tapered bend
B) and the tightly coupled asymmetrically tapered bend Cs, as shown in Table 2.2. Next,
using the determined values of w, s, wy,, and s, into Eq. (2.16), we can calculate the [; of
bend C; and Bend Cs, respectively. Finally, [ is obtained according to the design rules
mentioned earlier.

Table 2.2 Structural parameters of bends for evaluating the impact of w, and s, on
the differential-to-common mode conversion (unit in mm).
Ttem A B Cl CQ
w 02 02 02 02
s 045 045 045 0.45

Wy - 015 0.15 0.1
Sp - 025 0.25 0.16
ly - 015 0.15 0.83
ls - 0.5 05 0.5

lgg 054 033 0 0

Although the tightly coupled part of bends C; and C, were designed so that the
differential-mode characteristic impedance is equal to 100 €2, the common-mode charac-
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teristic impedance was not controlled. The common-mode characteristic impedances in
the tightly coupled part of bends C; and Cy are 33.7 and 42 €, respectively.

2.4.2 Evaluation of Our Bend Structures from Differential-to-
Common Mode Conversion

We evaluated the impact of w, and s, on the differential-to-common mode conversion
of the new bend structure formed based on our design methodology by full-wave simulation
for four types of 45-degree-angle bend structures of which the structural parameters are
listed in Table 2.2.

Table 2.3 Simulation conditions.
Port conditions

Port type Waveport

Differential-mode impedance 100 2

Common-mode impedance 25 Q)

Solution setup

Solution frequency 20 GHz

Max. delta S 0.02

Frequency sweep

Sweep type Interpolating

Start ~ Stop 0.1 ~ 20 (GHz)

Step size 0.1 GHz

Material

Dielectric FR-4 ¢,=4.4

Lines, GND Perfect conductor
> 60 mm -

Differential transmission lines

Wave port
Y

40 mm

HFSS model

Figure 2.10 Top view of a full-wave simulation.
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In the full-wave simulation, as shown in Table 2.3, two differential ports were set as
wave ports with the port impedances of the differential mode of 100 €2 and the common
mode of 25 €2. The max delta S parameter represents the criterion for convergence and
the solution frequency was set to 0.02 and 20 GHz, respectively. The frequencies ranging
from 0.1 to 20 GHz. The dielectric constant of FR-4 ¢, is 4.4 (no material loss) and
the metal used a perfect conductor. Figure 2.10 shows the HFSS model. The length of
coupled straight lines from the differential port 1 to the bend region is 35 mm and the one
from the differential port 2 to the bend region is 25 mm. The dimension of the dielectric
is 60 mm x 40 mm.
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- Full-wave simulation 1
-10p —A —B 5
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(a) Forward differential-to-common mode conversion
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(b) Backward differential-to-common mode conversion

Figure 2.11 Comparison of differential-to-common mode conversion.

Figure 2.17(a) shows the forward differential-to-common mode conversion coefficient
|Scaz1|, and we found that the oblique tapers provide smaller |S.q91| than that of symmet-
rically tapered bend B so that our new bend structures can compensate for the remaining
lq in the tightly coupled bend. Figure 2.17(a) includes the dashed lines obtained by re-
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Table 2.4 Comparison of geometrical path difference and effective path difference (unit
in mm).

Item A B C1 Cz
lag 054 033 0 0
la 054 033 0.15 0.04

placing the geometrical path difference lg, with the effective path difference /4 in Eq. (2.5).
The values of the geometrical path difference /gy and the effective path difference l4 are
summarized in Table 2.4. The magnitude of |S.q21| in bend Cy was smallest, though all
the geometrical path difference /4y of bends C; and Cy were set to 0. This is because the
geometrical path difference I3, becomes less different than the effective path difference i4
with decreasing w, and s,, and the effective path difference [4 of the smallest bend Cs is
almost equal to 0, as shown in Table 2.4. Then, it found that |Scqe1| was decreased by
almost 20 dB compared to that of the conventional bend. For next-generation high-speed
interfaces, the challenging specifications are |Scqo1| < -30 dB when frequency below 15
GHz [6]. However, proposed bend Cs can be below -30 dB until to 20 GHz.

As a result, for the design methodology of our tightly coupled asymmetrically tapered
bend, if we want to get a lower the forward differential-to-common mode conversion
coefficient |Scq21|, choose as small as possible w, and s,,.

Next, Fig. 2.17(b) first shows the backward differential-to-common mode conversion.
It is seen from this figure that the backward differential-to-common mode conversion
of bends A, B, and C are below -30 dB until to 20 GHz. This means that the for-
ward differential-to-common mode conversion occupies a dominant in the differential-to-
common mode conversion.

2.4.3 Evaluation of Our Bend Structures from Viewpoint of Dif-
ferential Mode

Let us now evaluate the new proposed bend structure from the viewpoint of the dif-
ferential mode.

Figure 2.12(a) first shows the differential-mode reflection coefficients. It is seen from
this figure that the differential mode reflection coefficients of bends A, B, and C are below
-30 dB until to 20 GHz. This is because that the tapers can maintain the differential-mode
characteristic impedance at around 100 €2, as shown in Fig. 2.9. And, the differential-
mode reflection coefficients is small enough. Thus it does not affect the differential-mode
transmission coefficients.

Next, the differential-mode transmission coefficients for all the bends are compared in
Fig. 2.12(b), which demonstrates that |Sgq21| influences the differential-mode transmission
coefficient, but it’s not very big. The magnitude of |Sgqe1| in bend Cy was almost unity
(0 dB) compare to the other bends.
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(b) Differential-mode transmission coefficient

Figure 2.12 Comparison of differential-mode characteristics.

And, the transmission characteristics of the proposed bend are evaluated from the
viewpoint of the phase. Here, we focused on the group delay obtained from the phase
characteristics of Sgqo1. If this group delay is larger than that of the conventional bend
and waveform distortion occurs during transmission, so the SI deteriorates, and it cannot
be used as a line for signal transmission.

The following equation expresses the group delay time 7, in terms of the derivative of
the phase characteristics £S3401 with respect to frequency.

1 dZS4a2
T,=————— 2.17
The group delay time obtained by Eq. (2.17) is shown in Fig. 2.13. These results show
that T, for when the proposed bend has almost the same characteristics as the conventional
bend has. As a result, the proposed bend structure takes the smallest distortion in the

output waveform, and the signal can be successfully transmitted.
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Figure 2.13 Comparison of group delay.

This means that bend C, great suppresses differential-to-common mode conversion
and had no effect on differential-mode transmission characteristics.

2.5 Fabrication of New Bend Structures and Evalu-
ation by Measurement

In this section, the bends with the same structural parameters (bends A, Cy, and Cs)
from the previous discussion were fabricated, and the differential-to-common mode con-
version and differential-mode characteristics were evaluated through full-wave simulation
and measurement.

2.5.1 Fabrication of Proposed Bend and Evaluation by Measure-
ment

Table 2.5 summarizes the common structural and electrical parameters. To compare
with measurement, dielectric loss tand and copper conductivity ¢ were taken into account
in full-wave simulation. The differential-mode characteristic impedance Zy was set to 100
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(2 the same as before.

Figure 2.14 shows the test board used in the actual measurement of the fabricated
test board and Fig. 2.14(a) shows the layer structure and Fig. 2.14(b) shows the ACP
probe pad structure. In Fig. 2.14(a), each layer configuration is assumed to be used in
electronic equipment, and copper is used as the conductor. The glass epoxy material
was used between the layers. The stripline structure used through-hole signal vias. The
lengths of coupled straight lines from the differential ports 1 and 2 to the bend region
are 3bmm and 25 mm, respectively. And the proposed structure was applied to the bend
region.

Table 2.5 Common structural and electrical parameters.
Item  Value  Unit

€r 4.4 -
tand 0.02 -
o 5.8x107 -
h 300 pm
t 35 pam

Z4 100 Q

Table 2.6 Equipment and model number used for test board measurement.

[tem Manufacturer Model Number
ACP Probe Cascade Microtech GSGSG-200(JG22K, KL2HK)
Network Analyzer KEYSIGHT E5071C

Table 2.7 Test board measurement conditions.
Condition Value
Start frequency (GHz) 0.1
Stop frequency (GHz) 20
Points (pt) 1601

To obtain mixed-mode S parameters, an 4-port measurement was carried out using
a vector network analyzer (VNA) and a pair of 200-um-pitched GSGSG microprobes.
Table 2.6 shows the equipment and model numbers used. Table 2.7 shows the test board
measurement conditions. The measured data were plotted below 20 GHz due to the
measurement limit of the vector network analyzer. This vector network analyzer (VNA)
and a pair of 200-um-pitched GSGSG microprobes will also be used in Chapters 3 and 4.
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ACP probe pad
d L1: Signal
200 um I Antipad
L2: Ground
Signal via hole
300 um
Stripline
— L.3: Signal
A
300 pm
v
> L4: Ground
GND via hole
(a) Layer structure
ameter)
(pad diameter)
via hole

ole diameter)

(b) ACP probe pad structure

Figure 2.14 Layer structure and stripline bend structure.
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To compare with measurement, dielectric loss tand and copper conductivity o were
taken into account in full-wave simulation, as shown in Table 2.8. And, the probe pads
and the through-hole signal vias (using the same size as the design drawing, as shown
in Fig. 2.14(b)) added on two-terminal of differential transmission lines. Each port was
set as lumped ports with the port impedances of the differential mode of 100 €2 and the



32 2 Suppression Method of Mode Conversion...

Vector Network Analyzer (VNA)

ooo
ooom
-
=,
oooo
oooo
oooo
oooo

u]

oo| |0
mOo| | o

Port 1

1}
/gﬁ

Port 4

Port 2 Port 3

P GSGSG
microprobe™\y

Test board

Figure 2.15 System layout for measuring.

common mode of 25 €. Figure 2.16 shows the full-wave simulation added two probe pad to
compare with the measurement. The length of coupled straight lines from the differential
port 1 to the bend region is 35 mm and the one from the differential port 2 to the bend
region is 25 mm. The dimension of the dielectric is 75 mm x 40 mm.

Table 2.8 Simulation conditions.
Port conditions

Port type Lumpedport
Differential-mode impedance 100 2
Common-mode impedance 25

Solution setup

Solution frequency 20 GHz

Max. delta S 0.02

Frequency sweep

Sweep type Interpolating
Start ~ Stop 0.1 ~ 20 (GHz)
Step size 0.1 GHz
Material

Dielectric FR~4 &,=4.4/tan6=0.02

Lines, GND Copper 0=5.8x107
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75 mm

'y
4

Differential transmission lines

> p=45°
40 mm 35 mm 25
%
Probe pads (lumped ports)
HFSS model

Figure 2.16 Full-wave simulation added two probe pad to compare with the measure-
ment.

2.5.2 Evaluation of Our Bend Structures from measurement

Figure 2.17(a) shows the forward differential-to-common mode conversion |Scqo1| as a
function of frequency concerning bends A, C;, and C,, and the solid lines indicate the
measurement results. On the other hand, the broken lines indicate the full-wave simulation

Solid line: Measurement - Solid line: Meaéuremel;t I I

-10}- Broken Iine:Al\:uII—wave simulation -10} Broken Iine:AFuII—wave simulation
) @200
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(a) Forward differential-to-common mode con-  (b) Backward differential-to-common mode con-
version version

Figure 2.17 Comparison of differential-to-common mode conversion.

results. As a result, it is found that the results obtained from the full-wave simulation are
almost in agreement with measurement. Here, we have observed multiple reflections at
high frequencies. This is because the impedance of the probe pads (including through-hole
signal vias) is not the same as the differential transmission lines. But, these results are
sufficient to confirm that reduces the difference between the geometric path difference and
the effective path difference by reducing the line width w, and line separation s, of the
tightly coupled bend. And, the forward differential-to-common mode conversion |Seqo1|
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of bend Cy was decreased by approximately 20 dB compared to bend A.
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Figure 2.18 Comparison of differential-mode characteristics.

[EEN

©
T

Group delay (ns)
O O o o
B O

N

& o)
N
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P
05 1 5

0 20
Frequency (GHz)
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Next, Fig. 2.17(b) shows the backward differential-to-common mode conversion |Seqi1|

as a function of frequency.

The backward differential-to-common mode conversion of

bends C; and C, is smaller compare to bend A in full-wave simulation. And, the mea-

surement results show the same characteristics in over 5 GHz. This means that our bend

structures produce a smaller amount of differential-to-common mode conversion than

bend A.

Then, as shown in Fig. 2.18(a), the differential-mode reflection |Sgq11| of bends C;

and Cy is lower compare to bend A below 1 GHz, whether it’s measurement or full-

wave simulation. This means that our bend structure will not affect the differential-mode

reflection |Sqq11| of the conventional bend. The increase of |Sgq11| at higher frequencies

results from the effect of the probe pads.
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The last is the differential-mode transmission coefficient, as shown in Fig. 2.18(b). As
a result, it is found that the results obtained from the full-wave simulation are almost in
agreement with measurement, and the bends C; and C, are comparable with bend A.

And, the group delay time obtained by Eq. (2.17) is shown in Figs. 2.19. These
results show that 7, for when the proposed bend has almost the same characteristics as
the conventional bend has. As a result, the proposed bend structure takes the smallest
distortion in the output waveform when frequency below 5 GHz. The increase of distortion
in the output waveform at higher frequencies results from the effect of the probe pads.

This means that the proposed bend greatly suppresses differential-to-common mode
conversion and has almost the same transmission characteristics as the conventional bend
has.

2.5.3 Comparison with Bend Structures Using Various Com-
pensation Methods

Various methods have been proposed for compensating for mode conversion due to the
bend of the differential line. Here are some of them : 1) The right-angle bend differential
transmission lines with compensation capacitance implemented as open stubs, as shown
in Fig. 2.20(b) [26]. 2) The right-angle bend differential transmission lines using a short-
circuited coupled line, as shown in Fig. 2.22(b) [25]. 3) Common practical routing scheme
using a small detour for the inner trace of coupled bends, as shown in Fig. 2.24(b) [18].
4) Right-angle bend differential transmission lines with slow-wave sections, as shown in
Fig. 2.26(b) [27]. 5) Round-corner bends, as shown in Fig. 2.28(b). We applied the
proposed tightly-coupled bend structure with the asymmetric taper to the bends described
in these papers according to the design procedure shown in this thesis and compared the
characteristics by 3D electromagnetic simulation.

In terms of the high-density wiring, the proposed bend structure is clearly superior, as
as shown in Figs. 2.20(c), 2.22(c), 2.24(c), 2.26(c), and 2.28(c). From this, it can be seen
that these structures were designed to don’t think about high-density wiring in general
and focusing only on the reduction of the amount of the differential-to-common mode
conversion.

Regarding the propagation characteristics, we first confirmed whether the character-
istics described in these papers could be reproduced by 3D electromagnetic simulation.
Although the details of the spectrum dips and peaks do not always match, the levels and
trends were reproduced, so this was used for comparison.

Figs. 2.20 to 2.28 show the comparison between the mode conversion amount (Forward
and backward differential-to-common mode conversion) and the propagation characteris-
tics (Differential-mode reflection and transmission coefficient) with the conventional bend
structures and proposed bend in this thesis by 3D electromagnetic simulation. As can be
seen from these results, the proposed structures in each paper have improved characteris-
tics compared to the conventional bend structures, but the proposed bend structures are
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equivalent or superior.
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Figure 2.20 Physical structures of various bend differential transmission lines and the
cross-sectional view (unit in mm). (a) Right-angle bends. (b) Right-angle bend differential
transmission lines with compensation capacitance implemented. (c) Proposed bend in this
thesis.
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Figure 2.21 Simulation results for bend structures of Fig. 2.20. (a) Forward differential-
to-common mode conversion. (b) Backward differential-to-common mode conversion. (c)
Differential-mode reflection coefficient. (d) Differential-mode transmission coefficient.
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Figure 2.22 Physical structures of various bend differential transmission lines and the
cross-sectional view (unit in mm). (a) Right-angle bends. (b) Right-angle bend differential
transmission lines using short-circuited coupled line. (c¢) Proposed bend in this thesis.
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Figure 2.23 Simulation results for bend structures of Fig. 2.22. (a) Forward differential-
to-common mode conversion. (b) Backward differential-to-common mode conversion. (c)
Differential-mode reflection coefficient. (d) Differential-mode transmission coefficient.
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Figure 2.24 Physical structures of various bend differential transmission lines and the
cross-sectional view (unit in mm). (a) 45-degree-angle bends. (b) Common practical
routing scheme using a small detour. (c¢) Proposed bend in this thesis.
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Figure 2.25 Simulation results for bend structures of Fig. 2.24. (a) Forward differential-
to-common mode conversion. (b) Backward differential-to-common mode conversion. (c)
Differential-mode reflection coefficient. (d) Differential-mode transmission coefficient.
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Figure 2.26 Physical structures of various bend differential transmission lines and the
cross-sectional view (unit in mm). (a) Right-angle bends. (b) Right-angle bend differential
transmission lines with slow-wave sections. (c¢) Proposed bend in this thesis.
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Figure 2.27 Simulation results for bend structures of Fig. 2.26. (a) Forward differential-
to-common mode conversion. (b) Backward differential-to-common mode conversion. (c)
Differential-mode reflection coefficient. (d) Differential-mode transmission coefficient.
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Figure 2.28 Physical structures of various bend differential transmission lines and the
cross-sectional view (unit in mm). (a) Right-angle bends. (b) Round-corner bends. (c)
Proposed bend in this thesis.
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Figure 2.29 Simulation results for bend structures of Fig. 2.28. (a) Forward differential-
to-common mode conversion. (b) Backward differential-to-common mode conversion. (c)
Differential-mode reflection coefficient. (d) Differential-mode transmission coefficient.
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2.6 Conclusion

In this chapter, we proposed a tightly coupled asymmetrically tapered bend for high-
density wiring that can improve signal quality degradation for the bend structure of
differential transmission lines. For it, we proposed the design methodology of our tightly
coupled asymmetrically tapered bend to limit the bend within the area of the conventional
bend, which is determined geometrically from the bend structure.

Full-wave simulation and measurement results of a 45-degree-angle bend showed that
the new bend structure formed based on our design methodology suppressed differential-
to-common mode conversion |Scqa1| and provides better or similar transmission charac-
teristics compared to the original classic bend structure caused by bend discontinuity in
a pair of differential lines. And, for the design methodology of our tightly coupled asym-
metrically tapered bend, want to get a smaller the forward differential-to-common mode
conversion coefficient |Scq21|, choose as small as possible w,, and s, of the tightly coupled
bend.

Then, using 3D electromagnetic simulation and measurement evaluated the 45 degree-
angle bend formed based on our design methodology and found that the differential-to-
common mode conversion was decreased by almost 20 dB and maintain its transmission
characteristics compared to those of the conventional bend.

Furthermore, when compared with the compensation method proposed in other doc-
uments, the high-density wiring is clearly superior, and the simulation results show that
the mode conversion amount (Forward and backward differential-to-common mode con-
version) and the propagation characteristics (Differential-mode reflection and transmission
coefficient) is equal or superior to those of other structures.

From the above, it can be said that the proposed structure is a bent structure with
an extremely small mode conversion suitable for high-density wiring.






Chapter 3

Mitigating Differential Skew for
High-density Mounting in Flexible
Printed Circuits with a mesh ground

3.1 Introduction

In recent years, flexible printed circuit (FPC) boards have been increasingly used
in electronic devices as these devices become smaller and lighter. The dielectric of an
FPC is very thin, and the characteristic impedance of its differential transmission lines
is lower than the designated value, so the ground (i.e. the return path of the differential
transmission lines) is formed into a mesh structure to increase the characteristic impedance
without changing the line width. In general, as shown in Fig. 3.1, the meshed ground is
rotated by 45° relative to the differential transmission lines (¢ = 45°). The ground is also
arranged such that the intersection position of the meshes are on the axis of symmetry of
the differential transmission lines [44,45].

When the design emphasizes symmetry in this manner, the interval between the adja-
cent differential transmission lines becomes dependent on the pitch of the meshed ground,
making it difficult to set an arbitrary wiring interval. Considering the characteristic
impedance, it is necessary to make the mesh pitch rough to cope with thinning of the
dielectric, which results in lower packaging density. To improve the wiring density, the
structure of the mesh must be changed; to do so, the wiring design of the lines must be
redone first. In addition, it is challenging to arrange the lines and the meshed ground
completely symmetrically in actual production. If the two are even slightly asymmetri-
cal, the characteristic impedance changes [46], causing mode conversion and differential
skew [47].

The effect of line position on the effective characteristic impedance of a single-ended
line has been investigated in detail using full-wave simulation. When the angle between
the wiring and the meshed ground (i.e. the rotation angle) is 0 or 45°, the characteristic
impedance is heavily affected by the arrangement, but the effect is slight in the range of

43
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Figure 3.1 Differential transmission lines with a meshed ground and cross-section along
AA

10 to 40°, and around 22.5°, the effective characteristic impedance is unaffected by the
wiring position [46].

There is known a problem with the differential skew, such as the differential skew
occurring in the differential transmission lines on a printed circuit board because of di-
electric problems with the board’s glass cloth [34,35]. To solve this problem, it has been
reported that the differential skew is mitigated when the angle between the trace of the
differential transmission lines and the thread of the glass cloth is around 10° [43]. To the
author’ best knowledge, however, the angle dependence between 10° and 45°, especially
the optimum angle has not been investigated. In this thesis, first, focuses on the angle
between the trace of the differential lines and the meshed ground plane and investigates
the angle dependence of the differential skew taking into account phase delay between
two lines with propagation to find low differential skew at the angle other than 45°. And,
a simple model was proposed for reducing the calculation time but is found to be able
to evaluate the angle dependence of the differential skew at a similar accuracy to the 3D
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electromagnetic simulation [66,67]. We also can apply this simple model to the board’s
glass cloth [65] (described in Appendix B).

Then, by setting the angle between the differential transmission lines and the meshed
ground (the rotation angle) to between 30 and 40°, we found that the differential skew
is not significantly affected by the position of the differential transmission lines and the
meshed ground, and it becomes a relatively small value [66,67]. As a result, it is found
that the rotated meshed ground makes the phase difference between the two lines irregular
at each mesh pitch to keep the differential skew small. Therefore, this thesis also proposed
a randomly shifting mesh position, and evaluate the differential skew and characteristic
impedance by the different position of the differential transmission lines.

In this chapter, first, we detail to explain that the simple model for the meshed ground
[66,67]. Next, we evaluated the differential skew caused by the meshed ground in detail
using the simple model and full-wave simulation. Then, We built two sets of FPC test
boards. Our first set of test boards were built to examine differential skew, characteristic
impedance, and transmission characteristics. Our second set of test boards were built to
evaluate the transmission characteristics of the differential transmission lines, including
bending, to test the feasibility of high-density mounting. And, we show that the irregular
phase difference by shifting the mesh position randomly does not affect the characteristic
impedance nor differential skew in terms of the wiring position [67]. Finally, concludes
with a summary. In this thesis, the differential-skew value is defined as the phase difference
between the two lines in the differential transmission lines.

3.2 Simple Model for Meshed Ground

In this section, we will explain the simple model of mesh ground we have proposed.
First, the calculation method of the phase change in each line of the differential wiring
using a simple model with zero line width is explained. Then, how to consider the line
width is described.

3.2.1 Differential Transmission Lines with Meshed Ground and
Its Simple Model

In Fig. 3.1(a), the dark gray area shows the ground conductor mesh part, while the
light gray area shows the part without the ground pattern. a and b indicate the mesh
width and the distance between adjacent meshes, respectively. Fig. 3.1(b) shows the
cross-sectional structure at AA’ in Fig. 3.1(a), where w is the line width, and s, is the
distance between the centers of the lines Line #1 and Line #2. t is the thickness of the
conductor, and h is the thickness of the dielectric. Lz and Ly represent the length of
the mesh ground in the x-direction and the length in the y-direction, respectively, in the
electromagnetic field simulation.

As shown in Fig. 3.2(a), the simplified model handled in this paper has two types of
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Figure 3.2 Simple model treated in this paper.

relative dielectric constant e and e (Ereff1 > Erefr2) that are uniform in the thickness
direction of the dielectric. The ground is uniform. This model is not the mesh ground
that is the subject of this paper, but the effect of mesh ground can be replaced by periodic
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changes in the effective relative permittivity is substituted. Also, for the sake of simplicity,
the effective relative dielectric constant is assumed to be two values, €,.q1 and €.e0. These
correspond to the gray and white areas in Fig. 3.2(a), respectively.

In the calculation of the amount of the phase change on Line #1 and Line #2 of the
differential transmission lines without and with the line width and these two cases were
evaluated. Figures 3.2(b) and 3.2(c) show the in-plane structure of the simplified model
when Line #1 and Line #2 are asymmetric concerning the meshed ground. Figure 3.2(b)
does not consider the line width (the line width is zero assumed). Fig. 3.2(c) shows the
case where the line width is taken into account.

3.2.2 Differential Skew Based on Phase Change Difference

First, consider the case of Fig. 3.2(b) where the line width is not considered. The
length of Line #1 and Line #2 is [. Here, it is assumed that the coupling between the two
lines is not considered, and the amount of phase change due to propagation is determined
by the effective relative dielectric constant around the line. Since Line #1 and Line #2
pass over the two effective relative dielectric constants €41 and &40 alternately. For Line
#1, for example, in Fig. 3.2(b), the lengths of l11, l12, l13, ... correspond to the effective
relative dielectric constant €.41. The length of lo1, lag, lo3, ... correspond to the effective
relative dielectric constant eyegp. Therefore, the phase change amount of pinex1 of Line
#1 can be expressed as follows

2 N;
w
eLine#l = E ( E V Ereffi E lij) (3-1)
i=1 j=1

where w is the angular frequency and c is the speed of light in vacuum. N; and N, are
the numbers of partial lines that pass through the dielectrics of effective relative dielectric
constants ey and €2 at Line #1, respectively. Also, l; and ly; are the lengths of the
jth partial line that passes through the dielectrics of effective relative dielectric constants
Erefil aNd oo at Line #1, respectively.

For Line #2, for example, in Fig. 3.2(b), the lengths of I},, [}y, l}3, ... correspond to
the effective relative dielectric constant eeg;. The length of Iy, Iy, lys, ... correspond
to the effective relative dielectric constant €.q2. Therefore, the phase change amount of
Orinex2 of Line #2 can be expressed as follows

2 M;
w /
OLinepo = - (Z V/ Ereffi Z lij) (3.2)
i=1 j=1

where M; and M, are the numbers of partial lines that pass through the dielectrics of
effective relative dielectric constants e, and €0 at Line #2, respectively. Also, l/1 j and
l;j are the lengths of the jth partial line that passes through the dielectrics of effective
relative dielectric constants €41 and .40 at Line #2, respectively.
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From the above, the phase change difference Af between Line #1 and Line #2 is the
difference between Opines1 and Opinex2, and is given as follows

2 N; M; )
> Ve (Z lij— lij) ‘ (3.3)
i=1 j=1 j=1

Here, the lengths of Line #1 and Line #2 are both [, there are the following relationships.

A0=12
C

( N2 Nl
Z lgj =1[— Z llj
j=1 =1
¢ (3.4)
N2 , N1 )
S, =1-30,
\ J=1 j=1

Using these relationships, Eq, (3.3) can be rewritten

N My
PILTED B
j=1 j=1

The purpose of calculation without considering the line width is to grasp the trend.

A9 = % (\/é‘m{ﬂ — \/é‘mﬁfg) . (35)

Since the amount of calculation is small, the estimate becomes considerably rough.

Next, let us consider the case of considering the line width. In this case, the phase
change of the line is given by the average value of the phase change of the divided line
with zero line width. As shown in Fig. 3.2(c), the line widths of Line #1 and Line #2 are
divided into multiple lines, and the amount of phase change due to propagation considered
for the case of zero line width is considered for each line.

If the number of divided lines with zero line width is m, the phase change amount
Orinex1ave Of Line #1 is given as follows

m 2 Nig
Orinest1Ave = E Z 2 (Z \/@Z lz‘jk) (3.6)
i j=1
Here, [;;; is the length of the jth partial line that passes through the dielectric with the
effective relative dielectric constants e..g; in the divided kth line with zero line width.
The phase change Opine#1ave Of Line #2 is obtained in the same way.

Now consider how far the line width is divided. The more m, the more stable the
analytical results, however, considering the analysis time, it is sufficient to set m to a
suitable amount. In this paper, it was judged from the convergence of the effective relative
dielectric constant when m was increased. From Eq. (3.6), effective relative dielectric
constant of Line #1 as a whole is given as follows

m N; 2
9Line#lAveC ? 1 2 =
reffLline#1 — | —— =94 \/ Ereffi l;; .
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Table 3.1 summarizes the structural parameters and the values used in Sections 3.2 and
3.3. The effective relative dielectric constants c,..g; and e,eq2 shown in Table 3.1 are values
obtained from the cross-sectional structure of single-ended wiring using a commercially
available simulator ANSYS 2D Extractor. This method was briefly explained in Appendix
A.

Figure 3.3 shows how the effective relative dielectric constant of single-ended line
depends on the number of divided lines m when the line width w = 0.3 mm, angle ¢ = 45°,
and wiring length [ = 9.6 mm. When m was almost 100, the effective relative permittivity
value converged. Also, the effective relative dielectric constant value converged at almost
100 even with different line widths. Therefore, in this paper, m is 101 when the line width
is considered.

Table 3.1 Structural parameters and relative permittivities for preliminary evaluation.
Item Value Unit

w 0.3 mm
Se¢ 0.5 mm
a 0.21 mm

b 0.64 mm
t 0.035 mm
h 0.045 mm

Er 3.3 -
Ereffl 3.0 -
Ereff2 1.3 -
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Figure 3.3 Effective relative permittivity as a function of m
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3.3 Preliminary Evaluation using Simple Model for
Meshed Ground

In this section, first, we evaluate the angular dependence of the differential skew when
the line width is not considered and when the line width is considered.

3.3.1 Effect of Rotation Angle on Differential Skew

For evaluating the differential skew, the propagation time difference between a pair of
the differential transmission lines AT, and the mode conversion amount of mixed-mode
S parameters, |Scqo1|, are generally used [35,40]. The propagation time difference AT is
given as

1
AT = —A0 (3.8)
w
and has the relationship with |Scq21| given by
2
AT = — sinfl ‘Scd21" (39)
w

Figures 3.4(a) and 3.4(b) show the difference in the angle ¢ dependency between the
differential skew line and the mesh ground from 0° when the line width is not considered
and when the line width is considered. It is shown in the range of 45°. The rotation
angle ¢ at this time is when the differential wiring is rotated around the point B shown
in Fig. 3.2(b) and Fig. 3.2(c), and the wiring length [ at this time is 30 mm. Regardless
of whether or not the line width is considered, AT decreases as the angle ¢ increases, and
the angle between the mesh ground and the wiring is the smallest in the range of 30° to
40°.

This is because, in asymmetric structures, when the rotation angle ¢ is 0 or 45°
(Fig. 3.2), and a phase difference between Line #1 and Line #2 exists at every mesh
pitch, differential skew AT increases monotonically with line length /. This is because the
same phase difference accumulates at each mesh pitch. This is also true when ¢ is 26.5°.
However, at any other angle, the phase difference at the first mesh pitch is different from
that at the next mesh pitch. This is because the different lines pass relatively randomly
over the mesh and the separating space between meshes with different effective relative
dielectric constants. Therefore, AT increases and decreases periodically with [. As ¢
becomes larger, the magnitude of the periodic increase and decrease becomes smaller.

As shown in Figs. 3.4(a) and 3.4(b), AT suddenly takes a large value at several
rotation angles ¢, which are 18.4°, 26.5°, in the order of increasing angles, in addition to
0° and 45° mentioned earlier. Using an integer v which is greater than or equal to 2, the
rotation angle ¢ is expressed as

1 [ (a+b) (1
—tan 1d—~—— 2 L _¢ - 3.10
¢ = tan { v(a+Db) an v (3.10)
As shown in Fig. 3.4, ¢ = 45° when v = 1, and ¢ = 26.5° when v =2 etc..
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Figure 3.4 Evaluation of propagation time difference AT between lines by angle de-
pendence.

3.3.2 Effect of Line Length on Differential Skew

Next, when the line width is taken into account, the dependence of AT on the wiring
length [ is evaluated. In four different rotation angles ¢ between the meshed ground and
the lines is 26.5, 30, 40, and 45°, the calculation was performed by changing [ in the range
of 0.1 to 30 mm at the same interval of 0.1 mm, and the dependency of AT on the line
length [ was investigated. Figure 3.5 shows the results.

At 0° and 45°, AT monotonically increases with the line length [. This is because the
phase difference between Line #1 and Line #2 exists at every weave pitch, as described
earlier. At 26.5°, when v is equal to 2 in ( 3.10), AT increases with the line length [,
increasing and decreasing periodically. This is because the difference of the phase change
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A takes the same value once every v times of the weave pitch.

At 10° and 40°, AT fluctuates but does not increase. This is because the change is not
exactly periodic, so AT takes a random value in every portion. Since the average value
approaches 0, AT does not increase even if the line length is extended.
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Figure 3.5 Wiring length [ dependence with line width considered

3.3.3 Effect of Line position on Differential Skew

In the above, the angle dependence and wiring length dependence when a single point
(point B in Fig. 3.2) is the center were evaluated. Next, the position dependence of the
line is evaluated. Specifically, using the parameters shown in Table 3.1, Fig. 3.2 shows the
case where the mesh ground is rotated in two ways of 45° and 30° for differential wiring
with a wiring length [ of 9.6 mm. The point B shown in Fig. 3.2 was the origin, and
the distance was changed from 0 mm to 1 mm as shown in Fig. 3.6. Figure 3.7 shows
the results. Since there are two types of ground mesh at this time, the solid line in the
graph in Fig. 3.7 shows the case of a simple model that considers the line width. On the
other hand, the marks (ll, A) were the average value of AT obtained by Eq. (3.9) using
the mode conversion amount |Scqo1| in the frequency range of 0.1 to 10 GHz obtained
using the commercially available 3D electromagnetic field simulator ANSYS HFSS. The
calculation area at this time was L, = 7.2 mm and L, = 9.6 mm in Fig. 3.1(a), and the
position dependence was evaluated at 10 locations in the range the distance was changed
from 0 mm to 1 mm from point B. From Fig. 3.7, it can be seen that a result close to the
electromagnetic simulation result can be obtained by considering the line width. Also,
it can be seen that the differential skew does not depend much on the position of the
differential transmission lines and mesh ground at 30° compared to 45°, and is relatively
small.
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Figure 3.6 Line position in simple model with width.
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Figure 3.7 Line position dependence

3.4 Rotating Meshed Ground for High-density Mount-
ing in FPCs

In Section 3.3, we evaluated the differential skew caused by the meshed ground in
detail using the simple model and full-wave simulation. To examine the generality of
the proposed bend structure, the structures with the different structural parameters from
the previous discussion were fabricated, and the mode conversion (differential skew) and
differential-mode characteristics were evaluated through full-wave simulation and mea-
surement.

In this section, we built two sets of FPC test boards. Our first set of test boards
were built to examine mode conversion (differential skew), differential-mode characteristic
impedance, and differential-mode transmission characteristics. Our second set of test
boards were built to evaluate the differential-mode transmission characteristics of the
differential transmission lines, including bending, to test the feasibility of high-density
mounting.
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3.4.1 FPC Test Board for Measurement

Figure 3.8 shows the configuration of the FPC test board used in this paper; w is the
line width, s is the distance between the lines L1 and L2, and a and b indicate the width
of the mesh and the separating space between meshes, respectively. The dimensions w, s,
a, and b shown in Fig. 3.8 are the structural parameters used in this section. These metal
widths and spaces are generally easy for FPC manufacturers to make. Table 3.2 shows the
thickness, relative dielectric constant (Dk), and dielectric loss (Df) of each layer material
in our FPC test board. Using the above parameters, the differential-mode characteristic
impedance was close to 100 §2.

5 =0.0 Surface
s =0.1 (Polyimide)
a=0.1

0 B—Adhesive

=
=
3
=
(¢}
=
=
=N
(&5
Il

Adhesive

Surface
(Polyimide)

Figure 3.8 Structure of test board.

In asymmetric structures, when the rotation angle ¢ is 0 or 45° (Fig. 3.8), and a phase
difference between Line #1 and Line #2 exists at every mesh pitch, differential skew AT
increases monotonically with line length [. This is because the same phase difference
accumulates at each mesh pitch. This is also true when ¢ is 26.5°, as mentioned earlier
in this chapter. However, at any other angle, the phase difference at the first mesh
pitch is different from that at the next mesh pitch. This is because the different lines pass
relatively randomly over the mesh and the separating space between meshes with different
effective relative dielectric constants. Therefore, AT" increases and decreases periodically
with [. As ¢ becomes larger, the magnitude of the periodic increase and decrease becomes
smaller, as mentioned earlier in this chapter.
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Table 3.2 Structural parameters of test board for measurement.
Construction Thickness (um) Dk  Df

Surface (Polyimide) 12.5 3.4 0.007
Adhesive 25 3.3 0.025

Copper 15 - -
Base (Polyimide) 25 3.2 0.005

Copper 15 - -
Adhesive 25 3.3 0.025
Surface (Polyimide) 12.5 3.4 0.007

P 75 mm X
-]\_J‘ "1 Meshed ground

/=10 mm /=30 mm l

If
‘\
;

Differential lines

oo s

Solid ground

Y

Figure 3.9 First set of test boards to measure differential skew (Example).

With this in mind, our first set of test boards, depicted in Fig. 3.9, was built to study
the differential skew induced by the meshed ground. To measure how the rotation angle
affected the differential skew AT, we measured seven different rotation angles ¢, 0, 10,
22.5, 26.5, 30, 40, and 45°. To measure how line length affected AT, we measured three
different line lengths [, 9.6, 30, and 60 mm. We also wanted to evaluate the effects of
line position, but although the relationship between meshed ground and line position
can be controlled at the time of fabrication, the worst positions for differential skew and
characteristic impedance are different. For this reason, to evaluate how line position affects
differential skew and characteristic impedance, at least 3 positions are required including
the best (symmetrical) position. Therefore, the 60 mm long differential transmission
lines have patterns of three different positions, and the 9.6 and 30 mm long differential
transmission lines have patterns of seven different positions including additional four
positions in the first set of test boards.

Our second set of test boards, depicted in Fig. 3.10, was built to investigate whether
or not high-density mounting is possible when the rotation angle is set to 30°. However,



56 3 Mitigating Differential Skew by Rotating Meshed Ground...

the 45° bend that is usually used in wiring does not always keep the angle of the meshed
ground in relation to the lines at 30°. A 90° bend, however, can always keep the angle at
30°. Therefore, the bend angles of 90° were used for the rotation angle of 30°.

Solid d
'€ 75 mm PTIC eroun ».  Meshed ground

4

0 mIrTEy PRI/
vl ‘S'} 4

2
LS

SR

46 mm

»
s
e
£ ;:n.@.r:?.

Differential lines

(a) FPC1

. 75 mm Solid ground

g !
Ll

Meshed ground

A ; 2018/9 WANG HighD

46 mm

y Differential lines
(b) FPC2

Figure 3.10 Second set of test boards to measure transmission characteristics.

Figure 3.10(a) shows a general board design with 45° bend differential transmission
lines and a meshed ground. With this design, all lines can be placed symmetrically.
However, the wiring density is still dependent on the mesh structure. With the dimensions
in Fig. 3.8, the minimum distance between adjacent differential transmission lines is 0.47
mm in FPC1.

Figure 3.10(b) shows our proposed design. First, the meshed ground is rotated by 30°,
and a 90° bend is used for the reasons given above. In this design, as shown in FPC2, the
minimum distance between adjacent differential transmission lines is reduced to 0.3 mm.
Note that optimizing the interval between adjacent differential transmission lines is not
the purpose of this study, but generally, the interval is set to about three times the value
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of s to suppress crosstalk.

Table 3.3 Evaluation item of test boards.

Test boards Differential skew Characteristic impedance Transmission characteristics

First set O O -
Second set - - O

The length of all the differential transmission lines in FPC1 and FPC2 was set to 37
mm. The red arrows indicate the lines used for measurement; all the unmeasured lines
were matched by chip resistance of 50 2. Table 3.3 summarizes the evaluation item of
two sets of FPC test boards.

Effect of Rotation Angle on Differential Skew

Figure 3.11 shows the effect of the angle between the trace of the differential trans-
mission lines and the meshed ground (rotation angle) ¢ on AT, obtained by calculating
the arithmetic average of AT for the whole frequency of 0.1 to 10 GHz.

Figures 3.11(a), (b), and (c) show the effect of ¢ on AT in the range from 0 to 45°,
when the line length [ is 9.6, 30, and 60 mm, respectively.

In Fig. 3.11(a), the red square and the rhombus represent the simulation and measure-
ment values, respectively. The simulation values correspond to the case when AT takes
the largest value (the worst case) when the position of the differential transmission lines
over the meshed ground plane is changed. The figure indicates that AT decreases with ¢
and that it takes its smallest value at around ¢ = 30°.

As shown in Figs. 3.11(b) and 3.11(c) and mentioned earlier, AT takes a large value
when ¢ is 0, 26.5, and 45°. In addition, it takes the smallest value at around ¢ = 30°
regardless of the line length.

We use mixed-mode S parameters to evaluate differential skew, characteristic impedance,
and transmission characteristics. To obtain mixed-mode S parameters, we conducted 4-
port measurement using a vector network analyzer (KEYSIGHT E5071C). We also used
a pair of 200-pm-pitched GSGSG microprobes (Cascade Microtech ACP-40-D-GSGSG),
with which the propagation characteristics of the test boards were measured at frequencies
ranging from 0.1 to 20 GHz.

Effect of Line Length on Differential Skew

Figure 3.12 shows how the differential skew AT is affected by the line length [, ranging
from 9.6 to 60 mm, for four different rotation angles ¢, 22.5, 26.5, 30, and 45°.

We evaluated AT occurring at [ of 10, 30, and 60 mm using the positional relationship
of the differential transmission lines and the meshed ground in the previously described
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Figure 3.11 Effect of rotation angle ¢ on differential skew AT for different line lengths
L.

worst case. In particular, at 26.5 and 45°, the differential transmission lines of three
different lengths are placed in the position shown in Fig. 3.12. At 26.5 and 45°, AT
monotonically increases with [. This increasing tendency is caused by the accumulation
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3

AT (ps)

Figure 3.12 Effect of line length [ on differential skew AT

of the same phase difference. As shown in Fig. 3.12, ¢ = 45° when v = 1, and ¢ = 26.5°
when v =2. At 22.5 and 30°, AT fluctuates but does not increase. This is because the
change is not exactly periodic, so AT takes a random value in every portion. The average
value approaches 0, so AT does not increase even if [ is extended.

Relationship Between Rotation Angle and Characteristic Impedance

In our analysis, we focus only on the differential-mode characteristic impedance. The
effective differential-mode characteristic impedance Z4 was calculated using the S param-
eters and mixed-mode ABCD parameters [74, 75].

First, S parameters are obtained from the 9.6-mm differential transmission lines in our
first set of test boards. Then, the mixed-mode ABCD parameters of this structure can
be determined using S parameters [75].

Zq4 of the differential transmission lines can be calculated from its mixed-mode ABCD

| Bq
Zq =1 — A1

where By is differential-mode B-parameter and Cy is differential-mode C-parameter.

parameters

Then, using the maximum and minimum values of Z4 obtained from different line
positions, the relationship between the rotation angle and amount that the characteristic
impedance changes is evaluated.

Figure 3.13 shows the maximum and minimum values of measured Zgg for seven
rotation angles. When the rotation angle is 0 or 45°, the characteristic impedance changes
significantly depending on the arrangement of the wiring and meshed ground, but the
change is small in the range of 10 to 40°. Further, around 30°, Z; was scarcely affected
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Figure 3.13 Relationship between rotation angle ¢ and differential-mode characteristic
impedance Zq.

by the wiring-and-ground position.

3.4.2 Differential-Mode Transmission Characteristics

In the previous section, the differential skew |Scqo1| and the effective differential-mode
characteristic impedance Z4 were evaluated. Here, using 60 mm long differential trans-
mission lines, we evaluate the rotation angle ¢ = 0, 45, (the symmetrical structures) and
30° (the worst case) with regard to differential mode.

Figure 3.14(a) first shows the differential-mode transmission coefficients. The differential-
mode transmission coefficient of ¢ = 30° is larger than those of ¢ = 0 and 45°. This is
because ¢ = 30° suppresses differential-to-common mode conversion (Fig. 3.11) and the
differential-mode reflection compared to ¢ = 0 and 45°.

Next, the transmission characteristics of ¢ = 0, 30, and 45° are evaluated with regard
to phase. Note the group delay obtained from the phase characteristic of Sgqo;.

The group delay time obtained by Eq. (2.17) is shown in Figs. 3.14(b), (c), and (d).
These results show that T, for when ¢ = 30° has almost the same characteristics as the
symmetrical structures have. As a result, the structure takes the smallest distortion in
the output waveform at ¢ = 30°, and the signal can be successfully transmitted. This
means that ¢ = 30° structure is comparable to the symmetrical structures in terms of the
differential-mode transmission.

Finally, we evaluate our second set of test boards, shown in Fig. 3.9. Figure 3.15
and 3.16 shows the differential-to-common mode conversion |Scqo1| and differential-mode
characteristics of |Sgq11| and [Sqq21| as a function of frequency for test boards FPC1 and
FPC2.



3.4 Rotating Meshed Ground for High-density Mounting in FPCs

[Sadz1| (dB)

_ 4 | ) :S-yn?metr_i [
0 2 4 6 8 10
Frequency (GHz)

(a) Differential-mode transmission coefficient

1

Group delay (ns)
=2 =] (=]

<
)

o ®

n

L B T T T T

Average value : 0.389 (ns)

WMWMM

=]

L L P
1 0.5 1

10
Frequency (GHz)

(¢) Group delay at rotation angle 30°

Group delay (ns)
=) (=] =)

e
)

[y

e
[

L
=)

=

Group delay (ns)
~

e
o

[

(=)

.6} Symmetry

i

o2

Average value : 0.374 (ns)

'

el

s A I
1 05 1
Frequency (GHz)
(b) Group delay at rotation angle 0°

L B A T LA B

Average value : 0.385 (ns)

| Symmetry

()

T 05 1
Frequency (GHz)

(d) Group delay at rotation angle 45°

Figure 3.14 Comparison of transmission characteristics.
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The following three points are clear from Fig. 3.15 and 3.16. First, |Sca21| of FPC1
and FPC2 became less than -30 dB when frequency below 15 GHz. This shows that | Seqo |
for FPC2 is not dependent on the position of the differential transmission lines relative
to the pattern of the meshed ground and comparable to that for FPC1. Second, the posi-
tion dependence of the differential-mode reflection |Sgq11| for FPC2 is small compared to
FPC1. This is because FPC1 demands high symmetry, and it is challenging to arrange the
wiring and the meshed ground completely symmetrically in actual production. Third, the
differential-mode transmission coefficient |Sgqo1| of FPC2 is comparable but larger than

that of FPC1. This is the same reason as |Saq11|, that is the small position dependence
in FPC2.
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3.5 Randomly Shifted Mesh Position of Meshed Ground

We previously showed that the rotated meshed ground keeps the differential skew small
by making the phase difference between the two lines irregular at each mesh pitch. In
this section, we also show that the irregular phase difference by shifting the mesh position
randomly does not affect the characteristic impedance nor differential skew in terms of
the wiring position.

Figure 3.8 and Table 3.2 shows the cross section of our FPC test vehicles and the
thickness, the relative dielectric constant (Dk), and the dielectric loss (Df) of each layer.
Figure 3.17(a) shows the conventional meshed ground structure, and a indicates the width
of the mesh while b indicates the separating space between the meshes. The mesh pitch
a + bis 0.5 mm, and 140 columns of the mesh are placed in the horizontal direction.

We designed the randomly meshed ground by vertically shifting each column of the
mesh randomly shifted from the reference line (the broken line), as shown in Fig. 3.17(b).
The five shift amounts of 0, 0.1, 0.2, 0.3, and 0.4 mm were determined by pseudorandom
numbers with five values. In addition, the adjacent pseudorandom numbers are not the
same value.

___1_____2____3_0_r°0°5:_14_0_ ___%____32____3__'_:_:_l?_O_

a=>u. mm 0.1

— 0.2 mm méni - 0.2 mm

_a=0.105 mm
_b=0.395 mm o
b=10.395 mm
(a) Conventional meshed (b) Randomly  meshed
ground ground

Figure 3.17 Conventional meshed ground and randomly meshed ground.

Figure 3.18 shows four test vehicles with the same differential transmission lines, with [
=10 mm, w = 0.07 mm, and s = 0.1 mm. Figs. 3.18(a) and 3.18(b) show the conventional
meshed ground structure at rotation angles of 0° and 45° to the differential transmission
lines, respectively. Figs. 3.18(c) and 3.18(d) show the randomly shifted mesh ground
structure at rotation angles of 0° and 45°, respectively. To investigate how the wiring
position affects the characteristic impedance and the differential skew, seven wiring posi-
tions were set with the same interval in the direction of red arrow, as shown in Fig. 3.18.

To obtain the characteristic impedance Z4 and the differential skew AT by using S pa-
rameters, 4-port measurements were conducted with a vector network analyzer (KEYSIGHT
E5071C). Fig. 3.19(a) shows the relationship between Z4 and the four test vehicles. The
results show that the difference between the maximum and minimum Z4 of (¢) and (d)
is approximately five times smaller than that of (a) and (b). Fig. 3.19(b) shows the rela-
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Figure 3.19 Differential characteristic impedance and differential skew.

tionship between AT and the four test vehicles. Similarly, AT of (c¢) and (d) had smaller
changes than that of (a) and (b) in terms of the wiring position on meshed ground. These
results suggest that the randomly shifted meshed ground was not sensitive to the position
of differential lines compared to the conventional one.
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3.6 Conclusion

We described a simple model to evaluation differential skew caused by meshed ground,
which leads to the differential-to-common mode conversion and achieved very low levels
of differential skew by rotating the meshed ground.

We found that the differential skew is not affected by the position of the differential
transmission lines relative to the pattern of the meshed ground and that it takes its
minimum value when the rotation angle is around 30°. Through the evaluation of the
transmission coefficient, we found that the structure with the rotation angle ¢ = 30°
is comparable with the symmetrical structures in which ¢ = 0 and 45° in terms of the
differential-mode transmission.

We also proposed a design wherein the meshed ground is rotated by 30° with a 90°
bend in the differential transmission lines. We compared this design with a general design
that has 45° bend differential transmission lines and meshed ground. Our proposed design
is unaffected by the position of the lines relative to the meshed ground, enabling improved
wiring density. Further, our design is better for the differential-mode transmission charac-
teristics than the general design, which demands high symmetry. From the above results,
it is found that the rotated meshed ground keeps the differential skew small by making
the phase difference between the two lines irregular at each mesh pitch.

In this chapter, we also show that the irregular phase difference by shifting the mesh
position randomly does not affect the characteristic impedance nor differential skew in
terms of the wiring position.






Chapter 4

Suppression Method of Crosstalk in
Adjacent Differential Transmission
Lines

4.1 Introduction

In recent years, with increasing frequencies and PCBs size reduction which leads to
increased differential trace density. The electromagnetic coupling between the adjacent
differential pairs becomes strong, which causes a problem of crosstalk, it is one of the
most critical SI and EMI issues [11, 49, 58], well known by high-speed PCB designers.
Generally speaking, the distance between the line pairs should be taken rather wider than
the differential-line spacing for crosstalk suppression, but it is difficult to keep the rule
with high-density wiring. Conversely, As the distance d. between the center lines of the
adjacent differential pairs, as shown in Fig. 4.1(a), is reduced and the rise times of digital
signals become shorter, crosstalk becomes a more severe problem. It generates additional
delays, skews, jitters, or false switching of digital logic, degrading the noise margin and
the timing margin of the system [11,58].

Many design methods or recommendations have been proposed and established to help
suppress or minimize the effects of crosstalk between adjacent transmission pairs such as
a ground trace in putting between adjacent differential pairs [59], a twisted differential
line structure [60], etc. However, it is difficult to apply next-generation high-speed signal
transmission because these structures are difficult to keep the high-density wiring or too
complicated.

The periodic rectangular structure had been so far proposed to suppress crosstalk
between the differential microstrip lines and the single-ended microstrip line [76]. In
[77,78], as shown in Fig. 4.1(b), the adjacent differential pairs with a periodic rectangular
structure are proposed, and their propagation characteristics were evaluated. However,
the reduction mechanism of crosstalk between adjacent differential pairs with periodic
structure has been left unclear.

67
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Differential pair #1 Differential pair #2

(a) Conventional differential pairs

Differential pair #1 Differential pair #2

Ground

(b) Proposed differential pair with periodic structure

Figure 4.1 Overview of two kinds of differential pairs.

In [80] have reviewed theories for crosstalk between a pair of uniform microstrip trans-
mission lines and have simplified the theory to easily computed formulas for near-end
crosstalk (NEXT) and far-end crosstalk (FEXT). These theories formulas require values
for the even- and odd-mode characteristic impedances and the effective dielectric constant
for the even- and odd-modes and the isolated strip. It is clear that NEXT greatly depends
on the difference between the even- and odd-mode characteristic impedances, and FEXT
greatly depends on the difference between the even- and odd-mode effective dielectric
constants. However, have an unsolved problem, namely, expand the crosstalk theory to
computed for differential-mode crosstalk between neighboring differential pairs.

We can use a modal equivalent circuit created applying the mode-decomposition tech-
nique to the telegrapher’s equations for analyzing a multiconductor transmission-line sys-
tem. As long as the simplifying assumptions in weakly coupled and weak imbalance are
satisfied, the DM is not influenced by the other modes and allows the modal equivalent
circuit interpretation. And, the results obtained from the circuit simulation using the
modal equivalent-circuit model were in good agreement with those obtained from full-
wave simulation and measurement [82]. However, the modal equivalent circuit doesn’t
make it clear how the even- and odd-mode characteristic impedances and the effective
dielectric constant change between neighboring differential pairs.

In this chapter, we focus only on the differential modes (DMs) of the adjacent dif-
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ferential pairs, and the mechanisms of crosstalk occurring in adjacent differential pairs
were investigated by combining modal analysis, multi-conductor transmission line the-
ory, and the simplifying assumptions of weak coupling. For discussion DM crosstalk of
the 5-conductor transmission line, we proposed the concept of odd- and even-mode DMs
by referring to [58]. According to the classical coupled transmission line theory, we can
use the approximate solution of [79,80] and equate NEXT and FEXT of DM to the
mixed-mode S parameters. And using computed formulas for NEXT and FEXT in DM
to investigate the reduction mechanism of DM crosstalk of the differential pairs with a
periodic structure, as shown in Fig. 4.1(b).

4.2 Multiconductor Transmission Lines Under Anal-
ysis

In this section, we focus on the 5-conductor transmission system, as shown in Fig. 4.1(a),
and the mechanisms of crosstalk occurring in adjacent differential pairs were investigated
by combining modal analysis, multi-conductor transmission line theory, and the simplify-
ing assumptions of weak coupling.

4.2.1 Per-Unit-Length Parameters and Modal Analysis

The PCB structure in Fig. 4.1(a) is modeled as a uniform and lossless 5-conductor
transmission lines (4-conductor transmission lines and the ground as reference conductor),
We assume the conductor is close enough to each other, and only TEM modes propagate
along the transmission line. Due to medium in-homogeneity, analysis of the corresponding
per-unit length (p.u.l.) inductance and capacitance parameters are carried out by using
the ANSYS 2D Extractor. This yields 4x4 p.u.l. inductance and capacitance matrices
exhibiting persymmetric structure and characterized by the following symmetries among
the involved entries:

Liy Lip Lig Ly Ly Lig Lig Ly
L) = Loy Lyo Lps Los| _ |Liz Loz Log Lag (4.1)
L3y Lzp Lzg Lag Lys Lo Loy Lo '

L41 L42 L43 L44_ L14 L13 L12 Lll

Cl 1 Cl 2 C(13 C’14 Cl 1 C(12 Cl 3 CY14
[C] _ C’21 CQ2 C'23 C’24 _ ClQ CZ2 C’23 C'13 (4 2)
031 C(32 C133 C134 C113 C123 022 C(12 .

C’41 042 043 C’44_ 014 C’13 012 Cll

In particular, it is worthwhile noticing that despite the four traces are identical, the
self-diagonal entries-theoretically equal if the two differential transmission lines were in-
finitely separated each other-may slightly differ (i.e., Li; > Los , C11 < C9g) due to close
proximity between the inner traces.
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Figure 4.2 Equivalent circuit of of Fig. 4.1(a) p.u.l..

Figure 4.2 shows the equivalent circuit of Fig. 4.1(a) p.u.l.. In Fig. 4.2 assume that

Cg1 = Ci1 + Chia + Ci3 + Chy,
Cyo = O + O + Cos + Coy,

(4.3)
Cy3 = Cs1 + O3 + Cz3 + Csy,

Cgs = Cy1 + Cag + Cuz + Cua.

Figure 4.1(a) can be expressed by using the cascade connection of a unit shown in Fig. 4.2.
The results obtained from the circuit simulation using this equivalent-circuit model were in
good agreement with those obtained from full-wave simulation as long as the TEM-mode
propagation was satisfied. However, the differential-mode crosstalk can not be analyzed
directly. We can use a modal equivalent circuit created applying the mode-decomposition
technique to the telegrapher’s equations for analyzing a multi-conductor transmission-line
system [81].
For the above 5-conductor system, the differential mode (DM) and common mode
(CM) quantities are introduced starting from the physical voltages and currents of the
two differential transmission lines, as they were independent the one from the other.
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Accordingly, the following transformation matrices are exploited [82]:

1% 12 1 0 0] [Va
Vz —-1/2 1 0 0] |V
Vi 0 0 —1/2 1| |V
I, 1 12 0 07 [l
I -1 1/2 0 0 I
A A LS I A U (45
I, 0 0 -1 1/2| |ILs

By virtue of Egs. (4.4) and (4.5), the per-unit length inductance and capacitance
matrices in Egs. (4.1) and (4.2) can be rephrased in the modal domain as

-dell —AL de12 ALm
AL Ly -AL, L
Lm _ T _1L T _ ccll m ccl2 46
(Lo =[OV LT] = |0 T A (4.6)
_ALm Lcc12 AL LCC11
_Gddll _AC Cdde ACm
“AC  Coyy -AC, C
C.] = [T [C][Ty] = “l v 4.7
Cul =G = 0 —AC, Can AC 4D
_ACIII Ccc12 AC CfCCl1

In Eqgs. (4.6) and (4.7), Lqq11, Cada11 and Leci1, Ceern are the per-unit length inductance
and capacitance of the equivalent CM and DM 2-conductor transmission line associated
with the two differential transmission lines; and AL, AC, are imbalance factors responsible
for the conversion of DM1 (DM2) into CM1 (CM2), and vice versa. ALy, AC,, are
responsible for cross-mode conversion of DM1 (DM2) into CM2 (CM1), and vice versa;
and Lgqi2, Caq12 and Lecio, Cee2 account for crosstalk modal coupling between the CMs
(i.e., between CM1 and CM2) and the DMs (i.e., between DM1 and DM2).

4.2.2 Circuit Interpretation of Differential-Mode Crosstalk

An extensive set of numerical simulations based on exact and approximate solution
of multi-conductor transmission line equations has been carried out, in order to identify
the relevant phenomena responsible for mode conversion, as well as the conditions under
which the p.u.l. modal matrices in Eqs. (4.6) and (4.7) can be possibly simplified.

This thesis focus only on the differential modes (DMs), and assume that the differential
pair #1 excited by a pure DM source, the differential pair #2 idle, and terminal networks
ideally symmetric concerning ground, it was found that the mechanisms of conversion of
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the excited DM1 into DM2 can be summarized as shown in principle diagram in Fig. 4.3,
where the role played by the assumptions of weak coupling [84] weak imbalance [83] put in
evidence. DM1 induces a nonnull DM2 on the idle differential pair #2 by modal crosstalk
by matrix entries Lgqio and Cyq1o in Eqgs. (4.6) and (4.7).

Differential pair #1 Differential pair #2
(DM | e=——5-===[DM2
CM1 CM2
Line #1 Line #2 Line #3 Line #4
—  I— — —

Figure 4.3 Principle diagram of the differential-mode crosstalk mechanisms (and in-
volved simplifying assumptions) occurring in the structure under analysis

And, as long as the two DM circuits are weakly coupled, the back crosstalk of DM2
onto DM1 can be neglected [84] that is if

Ligia/Lian < 1,C415/Ciany < 1. (4.8)

As long as the simplifying assumptions in weakly coupled and weak imbalance are
satisfied, the DM is not influenced by the other modes, and allow the modal equivalent
circuit interpretation in Fig. 4.4 [82].

T +
Iy Laan 1 Caan+ Caarz

@du -Caar2
1
O%@

Laan ;CddZZ + Caarz

Vai

Va

Figure 4.4 Modal equivalent circuit of differential modes in two differential pairs p.u.l..
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In Fig. 4.4, each element of the modal equivalent circuits is characterized by
Laqi1 = L1y + Loy — 2L,

Loz = 2L13 — L1y — Logs,

C - Ch1 + Cyy — 2C1 (4.9)
ddil — 4 )
2C13 — Cy — C
Cuats = 13 414 23

Also, this modal equivalent circuit (Fig. 4.2) can be equivalent to a pair of uniform
microstrip transmission lines. In [80] have reviewed theories for crosstalk between a
pair of uniform microstrip transmission lines and have simplified the theory to easily
computed formulas for near-end crosstalk (NEXT) and far-end crosstalk (FEXT). These
theories formulas require values for the even- and odd-mode characteristic impedances
and the effective dielectric constant for the even- and odd-modes and the isolated strip.
It is clear that NEXT greatly depends on the difference between the even- and odd-mode
characteristic impedances, and FEXT greatly depends on the difference between the even-
and odd-mode effective dielectric constants.

For the two DMs(as long as the weak coupling assumptions are satisfied), the charac-
teristic impedance Z4 and propagation constant 4 of a pair of differential transmission

Laai
Zy = ]2 4.10
d Caani (4.10)

. W/Ere
Y4 = Jwy L4411Caa11 = j—ﬁda (4~11)

Cc

lines take the expressions [82]

and the relative effective dielectric constant e..gq for a pair of differential transmission
lines take the expressions

Erefid = ¢*Laa11Caant, (4.12)

Thus, for discussion DM crosstalk mechanism of the adjacent differential pairs, we
proposed the concept of odd- and even-mode in the two DMs in the next section. Ac-
cording to the classical coupled transmission line theory, we can use the approximate
solution of [79,80] and equate NEXT and FEXT of DM to the mixed-mode S parameters
for extraction parameters of the even- and odd-mode DMs characteristic impedance and
effective dielectric constant.
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4.3 Proposed Concept of Even- and Odd-Mode Dif-
ferential Modes

When multi-conductor transmission lines (5-conductor transmission lines) are in close
proximity, the electric and magnetic fields will react with each other in specific ways that
depend on the signal patterns present on the transmission lines. The importance of this
is that these interactions will have to alter as follows:

(A) different phase velocity (relative effective dielectric constant) for odd- and even-
mode.

(B) different the effective characteristic impedance for odd- and even-mode.
(C) different conductor losses for odd- and even-mode.
(D) Different dielectric losses for odd- and even-mode.

All of the above will have a negative impact on FEXT and NEXT. For FEXT and NEXT
of lossy microstrip transmission lines, (A) and (B) dominating. As long as the simplifying
assumptions in weakly coupled and weak imbalance are satisfied, and estimating FEXT
and NEXT using lossless assumptions is accurate enough practically. The impact of lossy
dielectric material and conductor is almost negligible.

DM1

Line #1 Line #2! | Line #3 Line #4

Bt

1y Vy

Iy Vy

Line #3 Line #4
| —

%

(b) Mode current of opposite direction

Figure 4.5 Two differential-modes excitations for adjacent differential transmission
lines.

Now consider two special types of DM excitations for adjacent differential transmission
lines, as shown in Fig. 4.5. In Fig. 4.5(a), the mode currents in the DMs are equal in
amplitude and in the same direction, and in Fig. 4.5(b), the mode currents in the DMs
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DM1 Electric—wall DM2

(a) Odd-mode DMs : odd symmetry about the center-line

DM1 Magnetic-wall pyp

(b) Even-mode DMS even symmetry about the center-line

Figure 4.6 Electric field lines of Figs. 4.5(a) and 4.5(b).

are equal in amplitude but in opposite directions. The electric field lines for these two
cases are sketched in Fig. 4.6.

As shown in Fig 4.6(a), the electric field lines have odd symmetry about the center-line
(red dashed line). Thus, we define it as an odd mode DMs in this thesis. As shown in
Fig 4.6(b), the electric field lines have even symmetry about the center-line (red dashed
line). Thus, we define it as an even mode DMs in this thesis.

Even- and odd-mode in a pair of coupled transmission lines is deduced in [58]. In
this section, for discussion DM crosstalk, we pushed the equivalent inductance and the
equivalent capacitance of odd- and even-mode DMs by referring to [58].

4.3.1 0Odd-Mode DMs

It is considered to be odd-mode DMs propagation mode in this thesis when two DMs
have DM currents with equal magnitude and in the same direction with one another lead to
the electric field lines have odd symmetry about the center-line, consider Fig. 4.6(a). Then,
to examine the effect that odd-mode DMs propagation on two adjacent differential pairs
will have on the characteristic impedance and the relative effective dielectric constant.

In odd-mode DMs propagation, first, let’s consider the effect of mutual inductance.
Assume that Li; = Ly4, Loy = L33, L1s = L3y, and L3 = Loy. Subsequently, applying
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Kirchhoft’s voltage law produces

d d d d

Vi = Ln%fl + L12E-fz + L13%]3 + LMELl’ (4.13)
d d d d

‘/2 - L12%11 + LQQEIQ + L23EI3 + L13£I4, (414)
d d d d

Vs = L13£[1 + L23£I2 + L22%[3 + L12£I4, (4.15)
d d d d

Vi = L14£I1 + L13£—72 + L1QE]3 + L11%I4~ (4.16)

DM1 DM2

Figure 4.7 Magnetic field : odd-mde DMs.

Since the signals for odd-mode DMs switching are always opposite in adjacent lines,
it is necessary to substitute Iy = —I, = I3 = —I; and V} = =V, = V3 = =V} into
Egs. (4.13), (4.14), (4.15), and (4.16). And, about the effect of mutual inductance, refer
also to Fig. 4.7. This yields

Vi = (L — Lo+ Lis — L) %11, (4.17)
Va = (Lgy — L1y — Log + Lis) %12, (4.18)
Vi = (Log+ L1z — Loz — L2) %Ig, (4.19)
Vi = (L1g — L+ L1z — Lyo) %[4. (4.20)

According to the relationship between DM voltage (DM current) and actual voltage (ac-
tual current) as Eqgs. (4.4) and (4.5). This yields

d

Var =Vi — Vo = (Ly1 + Log — 2L19 + 2L13 — L1y — Log) Eldly (4.21)
d

Vao = V3 — Vi = (L11 + Log — 2L19 + 2L13 — L1y — Log) —ILao. (4.22)

dt
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Therefore, the equivalent inductance seen by DM1 in two DMs propagating in odd-mode
DMs is

Ly = Ly + Loy — 2L19 + 2L13 — L1y — Loz = Lga11 + Laaie- (4.23)

DMI1 DM2
A A

Figure 4.8 Equivalent capacitance for odd mode DMs.

Similarly, the effect of the mutual capacitance can be derived. Refer to Fig. 4.8.
Applying Kirchhoff’s current law at nodes Vi, V5, V3, and V} yields (assume that Cyy =
-Cha, Oz = -C3, Oz = -Cly, and Cpyy = -Co3)

d d d d

]1 - Ogl%‘/l + le%(‘/l - ‘/2) + Cm2%(‘/1 - VES) + Om3£(‘/1 - ‘/4)7 (424)
b o= Co vyt ol vh— Vi) + Cos L (Vy = V) + Con b (V= Vi), (4.25)
2 — g2dt 2 mldt 2 1 m4dt 2 3 det 2 4)- .

Because of the symmetry, the equations for I3 and I, are omitted here.
Then, substituting I; = —I, = I3 = —I; and V; = =V, = V3 = -V} for odd-mode
DMs propagation, therefore, as following equations yield

d

L = (Ca +2Cm +2Cns) 2.V, (4.26)
d

IQ = (CgQ + 20m1 + 20m4) E‘/Z (427)

According to the relationship between DM voltage (DM current) and actual voltage (ac-
tual current). This yields

1 1 d
Iy = B (I = I,) = 1 (Ci1 + Cag — 2015 + 2C13 — Ciy — C3) EV;H (4.28)
Therefore, the equivalent capacitance seen by DM1 in two DMs propagating in odd-mode
DMs is

Cg == (Ch1 + Cyy — 2C12 + 2C13 — Crq — Co3) = Cyar1 + Caarz- (4.29)

SN
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Subsequently, the equivalent characteristic impedance and relative effective dielectric
constant for two pair of the differential transmission lines propagating in an odd-mode

Le L L
79 — _i _ ddi1 + dd127 (4.30)
Cg  V Caair + Caarz

Eoutta = € (Laanr + Laar2) (Caarn + Caarz) (4.31)

DMs pattern are

4.3.2 Even-Mode DMs

Even-mode DMs propagation mode occurs when two DMs are driven with an equal
magnitude but in opposite directions with one another lead to the electric field lines
have even symmetry about the center-line, consider Fig. 4.6(b). Then, to examine the
effect that even-mode DMs propagation on two adjacent differential pairs will have on the
characteristic impedance and the relative effective dielectric constant.

DMI DM2
A A

I's \ H I

BN AN
©@e ge
———

Figure 4.9 Magnetic field : even-mde DMs.

In even-mode DMs propagation, first, let’s consider the effect of mutual inductance.
Refer to Fig. 4.9. The analysis that was done for even-mode switching can be done to
determine the effective even-mode capacitance and inductance. For even-mode DMs, I;
=—Ih=—-I3=1;and V| = =V, = —V3 = V}; therefore, Eqs. 4.13, 4.14, 4.15, and 4.16
yield (Because of the symmetry, only Lines #1 and #2 are discussed here)

d

Vi = (L1 — Lia — Lis+ L) %Il’ (4.32)
d

Vo = (Lao — Lig + Log — Ly3) %fz- (4.33)

According to the relationship between DM voltage (DM current) and actual voltage (ac-
tual current). This yields

d
Var = Vi = Vo = (Lut + Lao = 2L12 = 2Lus + Lua + Las) —-Lar- (4.34)
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Therefore, the equivalent inductance seen by DM1 in two DMs propagating in even-mode
DMs is

LG = Lyy + Lyy — 2L15 — 2L13 + L14 + Log = Laa11 — Laa12- (4.35)

Figure 4.10 Equivalent capacitance for even mode DMs.

Similarly, the effect of the mutual capacitance can be derived. Refer to Fig. 4.10.
Substituting Iy = —I, = —I3 = I, and V] = =V, = =V = V} for even-mode DMs,
therefore, Eqgs. 4.24 and 4.25 yield

d

I = (Ca+2Cm + 2Cm) = Vi, (4.36)
d

IQ - (ng —|— 2Cm1 + ZCmQ) E‘/Z (437)

According to the relationship between DM voltage (DM current) and actual voltage (ac-
tual current). This yields
1 d

1
Iq = 5 (L — ) = 1 (C11 + Cog — 2C12 — 2C13 + Crg + Cas) %le (4.38)

Therefore, the equivalent capacitance seen by DM1 in two DMs propagating in even-mode
DMs is

CS == (C11 + Cyp — 2015 — 2C13 + C1y + Co3) = Caa11 — Caarz- (4.39)

o

Subsequently, the equivalent characteristic impedance and relative effective dielectric
constant for two pair of the differential transmission lines propagating in an even-mode

e _ Li _ [Laan — Laaiz (4.40)
d O Caanr — Caar2’ .

DMs pattern are
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Erotta = € (Laann — Laarz) (Caanr — Caarz) , (4.41)

Notice that both Line #1 and Line #2 (Line #3 and Line #4) are always at different
potentials, whether odd-mode DMs or even-mode DMs propagation, an effect of the ca-
pacitance between the two lines must exist. Line #1 and Line #3 (Line #2 and Line #4)
are always at the same potential for odd-mode DMs propagation. Since there is no voltage
differential, there can be no effect of capacitance between the lines. Line #1 and Line #3
(Line #2 and Line #4) are always at different potentials in even-mode DMs propagation,
an effect of the capacitance between the two lines must exist. They will cause the equiv-
alent characteristic impedance and relative effective dielectric constant characteristics to
be slightly different from those analyzed by the 3-conductor transmission lines.

4.4 Differential-Mode Crosstalk Predictions

In this section, we expand the crosstalk theory to computed for DM crosstalk (FEXT
and NEXT) between neighboring differential pairs and using the equivalent characteristic
impedances (Z3 and Z3) and relative effective dielectric constants (£9.44 and €8.q4) of odd-
and even-mode DMs to investigate reduction mechanism of DM crosstalk.

4.4.1 Proposed Theoretical Formula

First, in the section uses a modal equivalent circuit created applying the mode-
decomposition technique to the telegrapher’s equations for analyzing two DMs of a 5-
conductor transmission line system, and briefly explain simple expressions for NEXT and
FEXT in DMs. Figure 4.11 shows the layout of adjacent differential pairs with line length
[. We assume that the four transmission lines have equal width w and thickness ¢, re-
spectively. The lines are located on a dielectric of thickness h and have a line separation
s and adjacent differential pairs distance d. The substrate has a relative permittivity e,.

DM port 2

Figure 4.11 Two pairs of differential transmission lines.
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To study crosstalk between two DMs, in this case, it is assumed to be 3-conductor
transmission lines, as shown in Fig. 4.4. As shown in Fig. 4.12, DM portl is fed with a
differential-mode voltage generator Fq at x = 0, and all four ports are terminated with
an impedance Z4. We label the driven and terminated ends of DM ports 1 and 2, and
the near and far ends of DM ports 3 and 4.

x=0 / x=1
DM port 1 i< > DM port 2
zy2 lao Lag
07
Eq Vao) c ot Va Zy
o—— ——0
Z4/2
DM port 3 11210) Idﬁ? DM port 4
Zd de(())T ¢ de(h Zd

Figure 4.12 Boundary conditions imposed on two DMs.

For DM crosstalk prediction, we assume that the lines are loosely coupled (d is not
too small compared to h and s). This because the classic crosstalk predictions formula
is derived by solving Telegrapher’s equations under the lossless assumptions [79,80]. The
stronger coupling between traces makes the influence of lossy conductor and dielectric
material will become stronger and affect the prediction results. However, they are often
neglected in loosely coupled. According to classical coupled transmission line theory, we
can use the approximate solution of [79,80] and equate NEXT and FEXT of differential
mode to the mixed-mode S parameters as follows:

Vaz(0)
S = 4.42
4d31 Vi (0) (4.42)
Vaa (1)
S 4.43
dda1 Vaa(0) (4.43)
NEXT (Sgaz1) and FEXT (Sqqq1) in the differential mode are written as
AZ AZ
Saazt = = ¢ 1 — e [cos(2AKT) + == sin(2AK1)] (4.44)
274 Z4q

Saas = —je 1 sin(2AKI) =~ —jAKI. (4.45)



82 4 Suppression Method of Crosstalk in Adjacent Differential Pairs...

where
VA A o,
AZ = =4 _Tdi o Y (dem - Cdd12Z§) (4‘46>
2 274
and
Ak = ¢ (\/6feﬂd2— Ve 1) ~ | (de122+ZCdd12Z§) ‘ (4.47)
c d

where ¢ is the velocity of light in free space. Moreover, notice that the investigations
performed in this thesis are based on all ports that are well-matched.

According to Egs. (4.44), (4.45), (4.46), and (4.47) for NEXT (Sqas1) and FEXT
(Sda41), it is found that NEXT greatly depends on the difference AZ between the even-
and odd-mode characteristic impedances in DMs, and FEXT greatly depends on the
difference AK between the even- and odd-mode relative effective dielectric constants
in DMs. According to Eqgs. (4.46) and (4.47), it is found that the values of AZ and
AK depend on Lgqi2 and Cyq12. Because the relationship between Lggqio and Caqia iS
always positive and negative. Therefore, Lqq12 and Cqq12 have an additive relationship
in Eq. (4.46), while the subtractive relationship between Lgq1o and Cgaqie in Eq. (4.47).
FEXT can be minimized when Lgq12 and Cyqi2 are both 0 or [Lqqie| and |Cyq12Z3| are
equal, while NEXT must be Lgq12 and Caq12 are both 0.

4.4.2 Validation of Proposed Theoretical Formula

In this section, we will discuss the effect of d. (distance between the center lines of
the adjacent differential pairs) changes on generated FEXT and NEXT between adjacent
differential pairs. And, the generation mechanism of NEXT and FEXT in DM is discussed
using Eqs. (4.44) and (4.45). Figure 4.13 shows the layout of adjacent conventional
differential pairs. The cross-sectional view shown in Fig. 4.13(b). The structural and
electrical characteristics parameters used in Section 4.5 are summarized in Table 4.1. The
height of the dielectric A is 200 pum, dielectric constant of the glass epoxy ¢, is 4.4, the trace
thickness t is 35 pm. The differential-mode characteristic impedance Z, of an isolated
differential pair was set to 100 Q (line width w = 0.21, line separation s = 0.15) by using
2D Extractor based on the cross-sectional structure shown in Fig. 4.13(b).

Table 4.1 Structural and electrical parameters in this chapter.

Item Value Unit
Er 4.4 -

h 200 pm

t 35 pm
Z4 100 Q




4.4 Differential-Mode Crosstalk Predictions 83
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(a) Top view of conventional differential pairs
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b) Cross-sectional view

Figure 4.13 Physical structures of adjacent differential pairs.

Then, the load impedance of all DM ports should well-matched the differential-mode
characteristic impedance of each differential pair is adjacent differential pairs. And, we
don’t want the modal coupling (Cgq12 and Lgq12) between the two DMs to change Z4 and
Ereffid, Which lead to the deterioration of differential-mode transmission characteristics. For
large the adjacent differential pairs distance d, the modal coupling Lgq12 and Cqq12 between
the DMs become small. In this case, the differential-mode characteristic impedance Z4
and relative effective dielectric constant e..gq of each differential pair approach that of
an isolated differential pair. Thus, first, the change in Zy and e.4q as a function of
adjacent differential pairs distance d are calculated, as shown in Figs. 4.14(a) and 4.14(b).
According to the change in Zy and €..4q, a weakly coupling k

AR A
k= m (4.48)
is determined, as shown in Fig. 4.14(c).

Figures 4.14(a) and 4.14(b) show the change in Z4 and e,9. The differential-mode
characteristic impedance Z3 and the relative effective dielectric constant e,.qq of an iso-
lated differential pair, as shown in green lines. The black lines indicate Zq and €qq of



84 4 Suppression Method of Crosstalk in Adjacent Differential Pairs...
110 |I T T T 3 I U N U U
; 1009Q 290\ | 1
g ': . X 228\ | 264 A
€ 100f . 1 3 !
N ' w27k | \ .
28 | T
90 . H | . | . | . 2.5 | | . | |
0 0.1 0.2 0.3 04 0.5 0 0.1 0.2 0.3 0.4 0.5
d (mm) d (mm)

(a) Change in differential-mode characteristic

impedance Z4

Figure 4.14
distance d.

-5 L L

0 01 02 03
d (mm)
(c) Coupling k

04

05

Table 4.2 Conventional structural parameters.

Item Value Unit
w 0.21 mm
s 0.15 mm
l 50 mm
d 0.16 /0.3 /0.45 mm
d. 0.73/0.87 /102 mm

(b) Change in relative effective dielectric con-
stant ereffq

Change in Zg, cefiq, and k as a function of adjacent differential pairs

each differential pair change with d. As a result, it is found that the modal coupling
between the two DMs leads to a drastic change in the differential-mode characteristic
impedance Z4q and the relative effective dielectric constant e,.qq of each differential pair
when adjacent differential pairs distance d below 0.1 mm. Thus, the adjacent differential
pairs distance d used in this thesis will be higher than 0.1 mm. Figures 4.14(c) shows the
transmission characteristics of each differential pair will not have much impact when the
coupling k below -20 dB.
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Three types of conventional differential pairs with [ = 50 mm are used for evaluation
by full-wave simulation (commercial simulator, ANSYS HFSS), and their structural pa-
rameters are summarized in Table 4.2. Generally speaking, the distance between adjacent
differential pairs d is set to about three times the value of line separation s to suppress
crosstalk. Therefore, the line width w and line separation s of conventional differential
pairs were fixed, and d. was set to 0.73 (d ~ 1s = 0.16 mm), 0.87 (d = 2s = 0.3 mm),
and 1.02 mm (d = 3s = 0.45 mm), respectively, to evaluate the DM crosstalk mechanism.
And, the inductance and capacitance matrices of these three types of conventional dif-
ferential pairs are extracted by 2D Extractor for analyzing the different relative effective
dielectric constant and effective characteristic impedance for odd- and even-mode of two
adjacent differential pairs by Eqs. (4.44) and (4.45).

FEXT in DMs

First, the FEXT in DMs was evaluated using these three types of structures, as shown
in Table 4.2. According to Eq. (4.45), FEXT greatly depends on AK, which is the
difference between e 44 and €2q4.

——~ - - Conventiond (d.=0.73 mm)I '
-10 = == Conventional (d. = 0.87 mm)

Conventional (d. = 1.02 mm)
Solid line: Full-wave simulation

o -20}Broken line: Theory e

<) |

g0 ]

A _40 i

-50 -

- e NP B | ]
68.1 05 1 5 10 20

Frequency (GHz)

Figure 4.15 Comparison of FEXT characteristics between full-wave simulation and
analytical result.

Figure 4.15 shows FEXT(]|Sqq41|) and the solid lines denote the full-wave simulation at
frequencies ranging from 0.1 to 20 GHz. On the other hand, the broken lines are obtained
from Eq. (4.45). And it is clear that the results obtained from Eq. (4.45) are almost in
agreement with full-wave simulation. This means that the parameter extraction is valid.
Therefore, we were able to explain the FEXT reduction mechanism by focusing on €4y,
Evotiqs Lddaiz, and Cqqra.

Figure 4.16 shows the {44 and ep.4q as a function of distance between the center lines
of the adjacent differential pairs, d.. It shows that even if d. increases, the difference



86 4 Suppression Method of Crosstalk in Adjacent Differential Pairs...

28 T T T T T I '
Conventional structure —B— £ i
- +g°r
5 2.7F -— -
% . —=
o 26/ — ]
2.5 — L
0.7 0.8 0.9 1 11
d, (mm)

Figure 4.16 ¢4, and €4, as a function of distance d. between the center lines of the
adjacent differential pairs.
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Figure 4.17 Crosstalk modal coupling Lgq12 and Cqq12 between the DMs.

between €55y and e2qy does not change significantly. This is because the decrease of
FEXT is not entirely dependent on the increase of distance d. between the center lines
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of the adjacent differential pairs but also on the difference between |Lqq12| and |Caa1223].
Refer to Eq. 4.47. Next, Figs. 4.17(a) and (b) show the crosstalk modal coupling Lqq12
and Cyq12 between the CMs and explained the relationship between Lgqio and Cyqro iS
always positive and negative. Although the crosstalk modal coupling Lgqi12 and Cgqio
tend to zero with the increase of d., the difference between |Lgq12| and [Cyq12Z3| does not
change much, as shown in Fig. 4.17(c).

From the above, with adjacent conventional differential pairs, SI is affected by DM
crosstalk unless the distance d between adjacent differential pairs is sufficient. In partic-
ular, the suppression of FEXT requires a larger d.. This is because, even if the distance
between adjacent differential pairs d increases three times the value of line separation s,
the amount of suppression is only 5 dB, as shown in Fig. 4.15. Therefore, it is difficult to
apply next-generation high-density wiring for the high-speed signal transmission system.

NEXT in DM

Then, the NEXT in DMs was evaluated using these three types of structures, as
shown in Table 4.2. According to Eq. (4.44), NEXT greatly depends on AZ, which is the
difference between Z3 and Z3. With the increase of d., Lqq12 and Cqq12 will decrease, as
shown in Figs. 4.17(a) and (b). Therefore, the difference between Z§ and Z3 decreases
with it. This is because the NEXT in DMs only dependent on (|Laqia| + [Caa1223]). Refer
to Eq. 4.46.

0 L LR | UL
| ——— — = Conventional (d. = 0.73 mm) -
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-10F— Conventiona (d, = 1.02 mm) T

L Solid line: Full-wave simulation -
_20_Broken line: Theory

|Saz | (dB)

0.5
Frequency (GHz)

Figure 4.18 Comparison of NEXT characteristics between full-wave simulation and
analytical result.

Figure 4.18 shows NEXT(|Sqa31]) and the solid lines denote the full-wave simulation at
frequencies ranging from 0.1 to 20 GHz. On the other hand, the broken lines are obtained
from Eq. (4.44). And it is clear that the results obtained from the theoretical formula
of this research are almost in agreement with full-wave simulation. This means that the
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Figure 4.19 Zj and Z3 as a function of d..

parameter extraction is valid.

Figure 4.19 shows the Z§ and Z9 as a function of distance between the center lines of
the adjacent differential pairs, d.. With the increase of d., the difference between Zj and
73 decreases. This is because the sum of |Laqi2| and |Cqq1273| decreases with an increase
of d., as shown in Figs. 4.17(a) and (b). From the above, to suppress NEXT, we need to
reduce modal coupling Lgq12 and Cyq12 as much as possible.

4.5 Reduction Mechanism of DM Crosstalk Due to
Periodic Structure

In this section, first, we investigated the transmission characteristics of the differential
pair when introducing the periodic structure as Fig. 4.20. The requirements for the

- l .
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Ww I 77 . .
Differential Differential
port 1 s port 2
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I =g :] [
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Figure 4.20 One differential pair with periodic structure.
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periodic structure investigations were as follows:
(1) effective differential-mode characteristic impedance,
(2) effective relative permittivity,
(3) upper limit frequency.

Finally, the focus of this thesis is only on the odd- and even-mode in DMs and using the
theoretical formula of crosstalk to investigate the reduction mechanism of DM crosstalk
between adjacent differential pairs with the periodic structure.

4.5.1 Propagation Characteristics of Periodic Structure

Figure 4.20 shows the periodic structure differential pair treated in this thesis. The
structural parameters of differential pairs with the periodic structure are as follows: the
wide part of line width wy,, the narrow part of line width w,, the lattice length A, the
occupation ratio a.

Effective Differential-Mode Characteristic Impedance and Effective Relative
Permittivity

120 M 1 M 1 M 1 M 1 M 2- T T I I
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4
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(a) Effective differential-mode characteristic (b) Relative effective dielectric constant
impedance

Figure 4.21 Relationship between transmission characteristics of the differential pair
with periodic structure and occupation ratio a.

The geometries of the periodic structure differential pair in this section are illustrated
in Fig. 4.20. The height of the dielectric h is 200 pum, dielectric constant of the glass epoxy
g, is 4.4, the trace thickness t is 35 pm shown in Table 4.1. The unit cell of the periodic
structure has consisted of two regions (Regions 1 and 2). In this thesis, electromagnetic
field simulation by ANSYS Q3D Extractor was performed to extract inductance and
capacitance matrices for the differential pair shown in Fig. 4.20 with [ = 10 mm. Then,
using the Eqs. (4.10) and (4.12), the effective characteristic impedance and the effective
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relative permittivity can be calculated. And, Region 1 of length aA and line width w,, =
0.24 mm (Zg = 90 Q, €45 = 2.6) and Region 2 of length (1 — a)A and width w, = 0.13
mm (Zg = 112 Q, 4 = 2.46).

Figure 4.21(a) shows the relationship between occupation ratio a and the effective
differential-mode characteristic impedance Zyg when the period length A = 1.0 mm. The
differential-mode characteristic impedance Z4 of an isolated conventional differential pair
in Table 4.2, as shown in green lines. As a result, the effective differential-mode character-
istic impedance Z4 of differential pair with periodic structure approach that of an isolated
conventional differential pair when the occupation ratio a = 0.5. Also, Fig. 4.21(b) shows
the relationship between occupation ratio a and the relative effective dielectric constant
€refia When the period length A = 1.0 mm. The relative effective dielectric constant € g of
an isolated conventional differential pair, as shown in green lines. As a result, the relative
effective dielectric constant e,.qq of differential pair with periodic structure approach that
of an isolated conventional differential pair when the occupation ratio a = 0.5.

Upper Limit Frequency

When the structure changes periodically, multiple reflections occur, and there are
frequencies where signals cannot be transmitted. This lowest frequency is considered to
be the upper limit frequency of the periodic structure differential line in this thesis.

In this thesis, the lattice length A is set to 1.0 mm, assuming high-frequency trans-
mission. To clarify the upper limit frequency of this lattice length in consideration of
calculation cost and accuracy, the approximate upper limit frequency for A = 1.0 mm
was estimated from the upper limit frequency obtained from the reflection characteristics
of A = 10 mm with the lattice length multiplied by 10.

0 9.5
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[ Periodic structure
-10F——A=1.0mm
= | — /1 =10mm
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2 300
-40F
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58.1 05 1 5 10 20
Frequency (GHz)

Figure 4.22 Differential-mode reflection coefficient.

Figure 4.22 [78] shows the calculation results using 3D electromagnetic simulation
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(ANSYS HFSS). The solid red line indicates the lattice length A = 1.0 mm. On the other
hand, the solid blue line shows the result for the lattice length A = 10 mm. At this time,
the upper limit frequency of the line is near 9.5 GHz from the differential-mode reflection
coefficient Sqq11 in Fig. 4.22. From this, it is considered that the upper limit frequency is
95 GHz for the lattice length A = 1.0 mm used in this thesis.

First, confirm the upper limit frequency by a simple calculation. If multiple reflections
occur in the period of the structure, signal transmission becomes impossible, so the trans-
mission limit is considered when the period length A is half the wavelength of the signal.
From this, the upper limit frequency f. can be represented by period length A [78], as
follows

C

2\/ EreffdA ’

where c is the velocity of light in free space. In this structure, the upper limit frequency
can be estimated to be f, = 92.1 GHz when the period length A = 1.0 mm because of
Ereflqa = 2.65. This is in good agreement with the above 95 GHz.

Je= (449)

Transmission Characteristics

Here, the differential-mode reflection and transmission characteristics of one pair of
differential lines with the periodic structure are compared with those of the conventional
differential lines with the dimensions shown in Table 4.2.
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Figure 4.23 Characteristics of one pair of differential pair.

Fig. 4.22 shows the broken line denotes the conventional differential lines. From
Fig. 4.22, when A = 1.0 mm, the reflection characteristics are almost agree with that
of the conventional differential pair. From Fig. 4.23(a) [78], when A = 1.0 mm, the trans-
mission characteristics almost agree with that of the conventional differential pair. From
this, it can be seen that if the reflection can be suppressed even when the periodic struc-
ture is introduced, the same transmission characteristics as the conventional differential
pair can be obtained. Figure 4.23(b) [78] shows the group delay. From these results, it is
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clear that the transmission characteristics of a periodic differential line with a group delay
time Ty of A = 1.0 mm are almost the same as those of the conventional differential pair
below 20 GHz. Thus, it is considered that the output waveform of the periodic structure
line has almost no distortion, and the signal can be transmitted.

4.5.2 Evaluation of Crosstalk in Adjacent Differential Pairs with
Periodic Structure

In the previous section, we evaluated one pair of differential transmission lines with
the periodic structure and confirmed that they were effective as lines. In this section, we
evaluate the crosstalk when two pairs of periodic structure differential pairs are arranged
adjacent to each other, as shown in Fig. 4.24.

} [
— N
C Ut )
wwl b == W
Differential ¢ Line #1 E Differential
port 1 Line #2 Wn port 2
! | B I
/
d} d
Ww coe
. wn
Differential | 1 UA0EE3 E \ | Differential
port 3 w, | Line#4 E port 4
A | g By )
A

Figure 4.24 Top view of differential pairs with periodic structure.

Table 4.3 Periodic structural model parameters.
Item Value Unit
Wy 0.24 mm
Whp 0.13 mm

s 0.12 mm
A 1 mim
a 0.5 mim
{ 50 min
d 0.13 mm
d. 0.73 mm
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The parameters of the conventional differential pair used in Table 4.2 were used, and
the distance d. between adjacent lines was 0.73 mm. The distance d. from the center
of the differential line to the center of the adjacent differential pairs was set to be equal
at 0.73 mm so that the conventional differential line and the periodic structure line had

the same wiring density. The structural parameters of the periodic structure lines are
summarized in Table 4.3.

—— Conventional (d, = 0.73 mm) — Conventional (d; = 0.73 mm)
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(c) Differential-to-common mode conversion

Figure 4.25 Propagation characteristics of differential pairs.

Figure 4.25 shows the propagation characteristics for two pairs of differential trans-
mission lines. In Fig. 4.25(a), the FEXT (]|Sqa41|) of the proposed periodic differential
pairs was reduced by 20 dB or more compared to the conventional ones, and about 5 dB
NEXT suppression, as shown in Fig. 4.25(b). In the next section, Eqgs. (4.44) and (4.45)
are used to investigate the DM crosstalk-reduction mechanism of the proposed periodic
structure.

The amount of the differential-to-common mode conversion (|Scq21|) in Fig. 4.25(c)
is also suppressed by introducing the periodic structure. This is because the periodic
structure weakened the coupling with the adjacent differential pairs compared to the
conventional transmission lines. Therefore, it is considered that degradation of signal

quality was prevented by suppressing differential-to-common mode conversion in this way.
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Figure 4.26 'Transmission characteristics of differential pairs.

Next, Fig. 4.26 shows the transmission characteristics for two pairs of differential
transmission lines. From the transmission characteristics shown in Fig.Fig. 4.26(a), it can
be seen that the periodic structure line is better than the conventional differential pairs due
to the suppression of crosstalk and the reduction of the mode conversion amount. Also,
the transmission characteristics when the periodic structure is introduced are improved
to the same level as a pair of conventional differential pair (pink dashed line) without
crosstalk. Therefore, in high-density mounting, introducing a periodic structure is more
effective from the viewpoint of maintaining SI. Furthermore, for the group delay shown
in Fig. 4.26(b), the delay time of the periodic structure line is also constant, and it
can be seen that the transmission characteristics are almost the same as those of the
conventional differential pairs below 20 GHz. From this, it is considered that there is
almost no distortion even if the periodic structure line is arranged adjacently, and the
signal can be transmitted.

4.5.3 Fabrication of Proposed Periodic Structure and Evalua-
tion by Measurement

In this section, the conventional structure and the periodic structure (d. = 0.73 mm)
from the previous discussion were fabricated, and the NEXT and FEXT in DMs were
evaluated through measurement.

To obtain mixed-mode S parameters, an 4-port measurement was carried out using a
VNA (KEYSIGHT E5071C) and a pair of 200-pm-pitched GSGSG microprobes (Cascade
Microtech ACP-40-D-GSGSG). The measured data were plotted below 20 GHz due to the
measurement limit of the vector network analyzer.

The set up of single-ended 4-port VNA measurement NEXT is shown in Fig. 4.27(a).
During the 4-port VNA measurement, four ports on the left side of the adjacent differ-
ential pairs are connected to 4-port VNA respectively, and the four remaining ports were
terminated with a chip resistance of 50 (2.
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The set up of single-ended 4-port VNA measurement FEXT is shown in Fig. 4.27(b).
In adjacent differential pairs, two ports on the left side of the first differential pair and
two ports on the right side of another differential pair are connected to 4-port VNA,
respectively, and the four remaining ports were terminated with a chip resistance of 50 2.

In adjacent differential pairs, 2 ports on the left of the first pair of the differential
transmission lines and 2 ports on the right of the other pair of the differential transmission
lines are connected to 4-port VNA respectively, and the 4 remaining ports were terminated

with a chip resistance of 50 €.

VNA GSGSG
microprobe
Differential{ Port 1 CDQQ Differential port 2
port 1 Port 2
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(b) FEXT measurement system

Figure 4.27 NEXT and FEXT measurement system.

These 4-port measurement results can be used to form standard 4-port S parameters.
Standard S parameters will be converted into mixed-mode S parameters. According to
Fig. 4.27(a), and using the algebraic form of |Sqq2; | from the standard 4-port S parameters,
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the NEXT (|Sqas1|) equation can be written as
1
Sads1 = 5(531 — Sz — Sy + Saa), (4.50)

and, in the same way, according to Fig. 4.27(b), the FEXT (|Sqa41]) equation can be
written as

1
Sada1 = 5(531 — S50 — Sy + Sy2). (4.51)

Finally, Fig. 4.28 shows the NEXT and FEXT in DMs as a function of frequency
concerning the conventional differential pairs and the proposed periodic structure which
suppressed DM crosstalk most. It is observed from Fig. 4.28 as follow: First, at lower fre-
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Figure 4.28 Crosstalk characteristics obtained by measurement.

quencies results, the NEXT in DM of the proposed periodic structure was decreased by ap-
proximately 5 dB compared to the conventional differential pairs, as shown in Fig. 4.28(a).
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Then, due to introducing the periodic structure, there is about 20 dB FEXT suppression
at frequencies ranging from 5 to 10 GHz, as shown in Fig. 4.28(b). It was confirmed by ac-
tual measurement that crosstalk can be suppressed by introducing the periodic structure
into the differential pairs.

4.5.4 Mechanism of Crosstalk between Adjacent Differential Pairs
with Periodic Structure

The proposed periodic structure with [ = 50 mm is used for evaluation by full-wave
simulation (commercial simulator, ANSYS HFSS), and their structural parameters are
summarized in Table 4.4. At all periodic structures, w, was set to 0.24 mm, w, was
set to 0.13 mm, s was set to 0.12 mm, A was set to 1.0 mm, and a was to 0.5 mm.
By the change of d., the proposed periodic structure, to evaluate the DM crosstalk-
reduction mechanism. And, the inductance and capacitance matrices of the proposed
periodic structures in Table 4.4 are extracted by ANSYS Q3D Extractor (I = 10 mm) for
analyzing DM crosstalk of two adjacent differential pairs by Eqgs. (4.44) and (4.45).

Table 4.4 Periodic structural parameters for investigating the reduction mechanism of
crosstalk.

Item Value Unit
Wy 0.24 mm
Wy 0.13 mm
S 0.12 mm
A 1 mim
a 0.5 mm
[ 50 mim
d 0.13 /0.27 / 042 mm
d. 0.73/0.87 /102 mm

FEXT in DMs

First, the FEXT in DMs was evaluated using these three types of structures, as shown
in Table 4.4. As mentioned earlier, FEXT greatly depends on AK, which is the difference
between €44 and €0.4,. According to Eq. (4.47), AK also depend on (|Laaiz2| - |Cadiz])-
Therefore, AK can be minimized when Lgq12 and Cyq12 are both 0 or | Laqi2| and |Cyq1227]
are equal.

Figure 4.29 shows FEXT(]Sqq41|) and the solid lines denote the full-wave simulation at
frequencies ranging from 0.1 to 20 GHz. On the other hand, the broken lines are obtained
from Eq. (4.45). And it is clear that the results obtained from Eq. (4.45) are almost in
agreement with full-wave simulation. This means that the parameter extraction is valid.
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Figure 4.29 Comparison of FEXT characteristics between full-wave simulation and
analytical result (periodic structure).
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Figure 4.30 ¢4, and €44 as a function of distance d. between the center lines of the
adjacent differential pairs (conventional and periodic).

Therefore, we were able to explain the FEXT reduction mechanism by focusing on €44,
Evetiqs Lddaiz2, and Cqqra.

Figure 4.30 shows the €4, and €24, as a function of distance between the center
lines of the adjacent differential pairs, d.. The solid lines denote €}.4, and ebqy of the
periodic structures. On the other hand, the broken lines are obtained from conventional
structures. The conventional structure shows that even if d. increases, the difference
between €5 4, €0gq does not change significantly. However, using periodic structure the
difference between e¢ 4, and €24, is minimized with d. decreases. This is because the
decrease of FEXT is not entirely dependent on the increase of distance d. between the
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Figure 4.31 Crosstalk modal coupling Lgq12 and Cyqi2 between the DMs (conventional
and periodic).

center lines of the adjacent differential pairs but also on (| Lqaiz| - |Caa1223])-

Next, Figs. 4.31(a) and (b) show the crosstalk modal coupling Lqq12 and Cyq12 between
the CMs and also compared conventional structure and periodic structure. As a result,
Lgqi2 and Cgq12 of the periodic structure are smaller than that of the conventional struc-
ture. Therefore, it is found that the periodic structure can reduce the crosstalk modal
coupling. Moreover, for the periodic structure, reduce the amount of Lgq12 is more than
that of Cgq12. When d. is 0.73 mm, |Lqq12| is almost equal to |Cyq12Z5| lead to FEXT can
be minimized, as shown in Fig. 4.31(c).

NEXT in DMs

Then, the NEXT in DMs was evaluated using these three types of structures, as
shown in Table 4.4. According to Eq. (4.44), NEXT greatly depends on AZ, which is the
difference between Z3 and Z3. With the increase of d., Lqq12 and Cqq12 will decrease, as
shown in Figs. 4.17(a) and (b). Therefore, the difference between Z§ and Z3 decreases
with it. This is because the NEXT in DMs only dependent on (| Laqi2| + |Caa12Z3]). Refer
to Eq. 4.46.
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Figure 4.32 Comparison of NEXT characteristics between full-wave simulation and
analytical result (periodic structure).
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Figure 4.33 Z§ and Z3 as a function of d. (conventional and periodic).

Figure 4.32 shows NEXT(|Sqq31|) and the solid lines denote the full-wave simulation at
frequencies ranging from 0.1 to 20 GHz. On the other hand, the broken lines are obtained
from Eq. (4.44). And it is clear that the results obtained from the theoretical formula of
this research are almost in agreement with full-wave simulation.

Figure 4.33 shows the Z3 and Z3 as a function of distance between the center lines
of the adjacent differential pairs, d.. The solid lines denote Z$ and Z3 of the periodic
structures. On the other hand, the broken lines indicate Z§ and Z3 of the conventional
structures. As a result, the difference between Z§ and Z3 of the periodic structures is
smaller than that of the conventional structures. This is because Lgqi2 and Cgaq2 of
the periodic structure are smaller than that of the conventional structure, as shown in
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Figs. 4.31(a) and (b).

4.6 Conclusion

In this chapter, the mechanisms of crosstalk occurring in adjacent differential pairs
were investigated by combining modal analysis, multi-conductor transmission line theory;,
and the simplifying assumptions of weak coupling. For the five-conductor transmission
line, we expand the crosstalk theory to computed for differential-mode crosstalk between
neighboring differential pairs to easily calculated for NEXT and FEXT in DM by intro-
ducing the concept of odd- and even-mode DMs. And have also shown the validity of
computed formulas. According to computed formulas for NEXT and FEXT in DM, it
is found that NEXT greatly depends on the difference between the even- and odd-mode
characteristic impedances in DMs, and FEXT greatly depends on the difference between
the even- and odd-mode relative effective dielectric constants in DMs. And the difference
between the even- and odd-mode characteristic impedances and relative effective dielec-
tric constants in DMs greatly depends on the modal coupling Lgqi12 and Cqq12. Because
the relationship between Lqq12 and Cyq12 is always positive and negative. Therefore, Lqqio
and Cyq12 have an additive relationship, while the subtractive relationship between Lgq12
and Cyq12. FEXT can be minimized when Lgq12 and Cgaqi2 are both 0 or |Lgqi2| and
|Caa1223| are equal, while NEXT must be Lgqi2 and Cyq12 are both 0.

We focus on the crosstalk problem that occurs in the dense line part of the differential
transmission system used for high-speed signal transmission and proposed to provide a
concave and convex periodic structure on the differential line to suppress the crosstalk.
And computed formulas for NEXT and FEXT in DM have used evaluation of the crosstalk-
reduction mechanism of the periodic structure. As a result of FXET, Lqq12 and Cgq12 of
the periodic structure are smaller than that of the conventional structure. Therefore, it
is found that the periodic structure can reduce the crosstalk modal coupling. Moreover,
for the periodic structure, reduce the amount of Lgyq12 is more than that of Cyq12. When
de is 0.73 mm, |Lqq2| is almost equal to |Cyq12Z3| lead to FEXT can be minimized. As
a result of NEXT, the difference between Z§ and Z3 of the periodic structures is smaller
than that of the conventional structures. This is because the periodic structure can reduce
the crosstalk modal coupling. Also, the validity of the proposed periodic structure was
confirmed by verified experimentally as well.






Chapter 5

General Conclusion

In this thesis, the author focuses on the asymmetry, or imbalance, of the high-speed
differential transmission lines on PCBs, lead to common-mode noise, skew, and crosstalk,
as following :

(A) common-mode noise generated at a bend of the differential transmission lines.

(B) differential skew caused by different effective relative permittivity around each line
of differential transmission lines.

(C) differential mode crosstalk between adjacent differential pairs.

The main objective of this thesis is to elucidate the mechanism of EMC and SI issues of
(A), (B), and (C), and it is to propose a design of high SI and low common-mode noise
transmission lines.

In Chapter 2, the author (assuming as high-density wiring) proposed a tightly cou-
pled asymmetrically tapered bend that limits the bend structure within the area of the
conventional bend and its design methodology. First, a geometrical path difference of
the asymmetric taper part was defined, the setting of the taper formation conditions
and the calculation formula of the structural parameter was derived. Next, by reduc-
ing the line width and line separation of the tightly coupled bend, the geometric path
difference and the effective path difference were matched, and it was shown that the char-
acteristics as designed were obtained. Then, using 3D electromagnetic simulation and
measurement evaluated the 45 degree-angle bend formed based on our design methodol-
ogy and found that the differential-to-common mode conversion was decreased by almost
20 dB and maintain its transmission characteristics compared to those of the conventional
bend. Furthermore, when compared with the compensation method proposed in other
documents, the high-density wiring is clearly superior, and the simulation results show
that the mode conversion amount (Forward and backward differential-to-common mode
conversion) and the propagation characteristics (Differential-mode reflection and trans-
mission coefficient) is equal or superior to those of other structures. From the above, it
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can be said that the proposed structure is a bent structure with an extremely small mode
conversion suitable for high-density wiring.

Chapter 3 described two mesh ground structures that do not affect the differential skew
and characteristic impedance of the differential line. First, the author focuses on the angle
between the trace of the differential lines and the meshed ground plane and investigates
the angle dependence of the differential skew, taking into account phase delay between
two lines with propagation to find low differential skew at the angle other than 45°. A
simple model was proposed for reducing the calculation time but is found to be able
to evaluate the angle dependence of the differential skew at a similar accuracy to the
3D electromagnetic simulation. As a result, it is found that the differential skew does
not depend on the position of the differential lines to the meshed ground and keeps a
comparatively small value at the angle between 30° and 40°. the author also proposed a
design wherein the meshed ground is rotated by 30° with a 90° bend in the differential
transmission lines. We compared this design with a general design that has 45°-bend
differential transmission lines and meshed ground. Our proposed design is unaffected by
the position of the lines relative to the meshed ground, enabling improved wiring density.
Further, our design is better for the differential-mode transmission characteristics than
the general design, which demands high symmetry. From the above results, it is found
that the rotated meshed ground keeps the differential skew small by making the phase
difference between the two lines irregular at each mesh pitch. In this thesis, we also show
that the irregular phase difference by shifting the mesh position randomly does not affect
the characteristic impedance nor differential skew in terms of the wiring position.

In Chapter 4, the mechanisms of crosstalk occurring in adjacent differential pairs were
investigated by combining modal analysis, multi-conductor transmission line theory, and
the simplifying assumptions of weak coupling. For the five-conductor transmission line,
we expand the crosstalk theory to computed for differential-mode crosstalk between neigh-
boring differential pairs to easily calculated for NEXT and FEXT in DM by introducing
the concept of odd- and even-mode DMs. And have also shown the validity of computed
formulas. According to computed formulas for NEXT and FEXT in DM, it is found that
NEXT greatly depends on the difference between the even- and odd-mode characteristic
impedances in DMs, and FEXT greatly depends on the difference between the even- and
odd-mode relative effective dielectric constants in DMs. And the difference between the
even- and odd-mode characteristic impedances and relative effective dielectric constants
in DMs greatly depends on the modal coupling Lgqi12 and Caq12. Because the relation-
ship between Lgq12 and Cgaq1o is always positive and negative. Therefore, Lgqio and Cgaqio
have an additive relationship, while the subtractive relationship between Lgq12 and Cyqio.
FEXT can be minimized when Lgqi2 and Cyqi2 are both 0 or |Laqiz| and |Caq1273] are
equal, while NEXT must be Lgqi2 and Cqq12 are both 0. Then, in this chapter examined
the introduction of a periodic structure into both outsides of a differential pair to reduce
crosstalk. The effect of its crosstalk reduction was evaluated, and the reduction mecha-
nism was clarified. As a result of NEXT, the difference between Z3 and Z of the periodic
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structures is smaller than that of the conventional structures. This is because the periodic
structure can reduce the crosstalk modal coupling. As a result of FEXT, Lgq12 and Cgq12
of the periodic structure are smaller than that of the conventional structure. Therefore, it
is found that the periodic structure can reduce the crosstalk modal coupling. Moreover,
for the periodic structure, reduce the amount of Lgq12 is more than that of Cyqi2. When
de is 0.73 mm, |Lgq12| is almost equal to |Cqq1223| lead to FEXT can be minimized, and
as a result, far-end crosstalk could be reduced to 0 theoretically without changing d..

As mentioned above, in each study, a method for realizing high ST and low common-
mode noise design was proposed, and its validity was demonstrated. The innovation
presented in this thesis is useful for designing next-generation the high-speed signal trans-
mission system of PCBs.






Appendix A

Effective Relative Dielectric
Constant Calculation Method

Ereffl ANd o2 shown in Table 3.1 are values obtained from the cross-sectional structure
of the single-ended wiring in Fig. A.1. In the 2D electrostatic field calculation, ANSYS

20 Unit: mm
0.045 003523  §=33
0.3 0 1‘_2 Distance from the center

Meshed-ground

Figure A.1 Position of single-ended wiring.

PR TR TR SRR AN SRR WA ST SR AN SR ST S TN NN SO S S
]D 0.3 0.6 0.9 12
Distance from the center (mm)

Figure A.2 Position dependence of effective relative dielectric constant.

2D Extractor was used to calculate the effective relative dielectric constant while shifting
the wiring position from 0 mm as shown in Fig. A.1. The results are shown in Fig. A.2.
For simplicity, €1 and €.e2 adopted the maximum value of 3.0 and the minimum value
of 1.3 as effective relative permittivity, respectively, and used them for calculations using
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a simple model. There is room for consideration in the calculation of the effective relative
dielectric constant adopted here. This is a future issue.



Appendix B

Optimum Rotation Angle for
Mitigating Differential Skew Induced
by (Glass Cloth in PCBs

PCBs are generally constructed with various glass fibers saturated in epoxy resin.
Since relative permittivity €,; of the glass fibers is about 6 and relative permittivity .o
of the epoxy resin is about 3, the distribution of the epoxy resin and the glass cloth
around each differential transmission line causes a phase difference (Fig. B.1) that leads
to a differential skew. In high-speed signal transmissions, differential skew induced by the
glass cloth is one of the important factors that cause the deterioration of signal quality

[1]-[6].

Glass Fiber (&) Resin (&)
[

Differential transmissin lines

Figure B.1 Cross-sectional view of glass cloth in PCB.

In high-speed signal transmissions, glass cloth of the dielectric in printed circuit boards
can cause a differential skew. It has been reported that the differential skew is mitigated
when the angle between the differential transmission lines and the thread of the glass cloth
is around 10°. However, the angle dependence between 10° and 45° and the optimum angle
have not yet been investigated. This study focuses on the angle between the trace of the
differential transmission lines and the thread of the glass cloth to investigate the angle
dependence of the differential skew. We conducted a preliminary evaluation by analytical
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Figure B.2 Simulation models with different rotation angles and different bend angles
evaluated by full-wave simulation.

estimation of the phase delay difference in the differential transmission lines using our
simple model (as shown in Section 3.2) for glass-cloth. And it is obtained the same
results (the optimum angle between 30° and 40°) as in Section 3.2.

We present the results (using rotation angle 40°) validated by a full-wave simulation
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Figure B.3 Differential-to-common mode conversion coefficient.
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Figure B.4 Rotation angle ¢ dependence of AT at 10 GHz.

using a commercial simulator ANSYS HFSS. However, the 45° bend that is usually used
in wiring does not always keep the angle of the thread in the glass cloth with the lines
at 40°. To the contrary, a 90° bend can always keep the angle with the lines at 40°.
Therefore, the bend angles of 45° and 90° were used for comparison. Figs. B.2(a) to (d)
show the simulation for 45° bend and Figs. B.2(e) to (h) show the simulation for 90° bend.
Also, in (a) and (e) the differential transmission lines are along the thread of the glass
cloth, in (b) and (f) the rotation angle is 10°, in (¢) and (g) it is 40°, and in (d) and (h)
it is 45°.

As shown in the previous Section 3.2, a long line is unnecessary, except for a specific
angle in a simulation. Therefore, the dimensions of the test board were set to 3.2 x 3.2
mm? to keep the calculation cost down.
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Fig. B.3 shows the simulation results of the differential-to-common mode conversion
amount |Seq21| obtained by a full-wave simulation. Since |Seq21| is generally proportional
to frequency, the slopes of Fig. B.3 are constant at 20 dB/dec. regardless of the bend
structure. Therefore, let us now focus on 10 GHz. The propagation time difference AT is
calculated from |Scqo1| using Eq. (3.9) and hence the dependence of AT on the rotation
angle ¢ at 10 GHz is shown in Fig. B.4.

As shown in Fig. B.4, regardless of the bend structure, AT is minimized at the rotation
angle ¢ of 40°, which confirms the results in the previous section. When comparing 45°
and 90° bends, the 90° bend reduces AT because it can keep the angle between the
differential transmission lines and the thread of the glass cloth at 40°. As a result, AT
in simulation (g) is approximately 17 times smaller than that in simulation (c). Thus, it
can be suggested that the differential skew can be suppressed.



Appendix C

Crosstalk Suppression Effect When
Decrease Number of Periodic
Structures

Length [ of the proposed periodic structure line decrease to 10 mm is used for evalua-
tion by full-wave simulation (commercial simulator, ANSYS HFSS), and their structural
parameters are summarized in Table C.1.

Table C.1 Conventional and periodic structural model parameters.

Item Conventional Periodic structure Unit

w 0.21 - mm
Wy - 0.24 mm
Wy - 0.13 mm
s 0.15 0.12 mm
A - 1 mim
a - 0.5 mm
l 10 10 mm
d 0.16 0.13 mm
d. 0.73 0.73 mm

Figure C.1 shows a comparison of crosstalk characteristics between conventional and
periodic structures when line length 1 = 10 mm. As shown in Fig. C.1(a), the NEXT(|Sqq31|)was
reduced by about 5 dB compared to the conventional differential pairs by introducing the
periodic structure. And, in Fig. C.1(b), the FEXT(|Sgq41|)was reduced by 16 dB or more
compared to the conventional differential pairs by introducing the periodic structure. As
a result, it is found that although the number of the periodic structure was reduced, the
suppression effect of crosstalk was not greatly affected compared with the conventional
structure.
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