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Abstract—This study investigates the mechanisms of genera-
tion of the transient transmission common-mode noise in a dif-
ferential serpentine delay line under weak coupling condition. The
generation mechanism and the frequency of common-mode noise
are investigated with reference to the time-domain transmission
waveform and the differential-to-common mode conversion mixed-
mode S-parameters using the circuit solver HSPICE and 3-D full-
wave simulator HFSS, respectively. The generation mechanisms
of common-mode noise include length mismatch between vertical-
turn-coupled traces, the length effect of parallel-coupled traces,
and the crosstalk noise effect. Moreover, a graphical method based
on wave tracing is presented to illustrate the cancellation mecha-
nism of near-end common-mode noise for the symmetrical differ-
ential serpentine delay line. Some practical, commonly used layout
routings of the differential serpentine delay line are investigated.
Some important design guidelines are provided to help design dif-
ferential serpentine delay line with low common-mode noise. A
comparison between simulated and measured results validates the
equivalent circuit model and analytical approach.

Index Terms—Common-mode noise, crosstalk noise, differen-
tial serpentine delay line, differential-to-common mode conversion,
length mismatch, mixed S-parameter.

I. INTRODUCTION

A S the clock frequencies and data transmission rates in
semiconductor systems steadily increase into the giga-

hertz range, timing control of the high-speed clock and digital
data signal traces on printed circuit board (PCB) and packages
becomes critical to the design of high-speed digital circuits.
While many approaches for minimizing clock or digital data sig-
nal skew have been presented, delay lines are generally adopted
in the critical nets of a PCB, as in the serpentine routing scheme,
which is shown in Fig. 1.

Differential transmission lines are gradually becoming more
common than single transmission lines for routing in modern
high-speed digital circuits, such as PCBs and packages, because
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Fig. 1. (a) Top view and (b) cross-sectional views of the differential serpentine
delay lines in a microstrip structure (for N = 3).

they suffer less from interference than does a single transmission
line [1]. Notable applications include the serial advanced tech-
nology attachment III (6 Gbps), the high-definition multimedia
interface (5 Gbps), the PCI express interconnect (8 Gbps), and
USB 3.0 (5 Gbps) devices. Since such high-speed digital sys-
tems comprise multiple differential interconnects, timing syn-
chronization is a serious design issue. Hence, the serpentine
delay line has recently been employed to pass differential sig-
nals, serving as a differential serpentine delay line. Intuitively,
the total time delay should be proportional to the total length
of the differential serpentine delay line. However, the crosstalk
noise that is induced by close differential line pairs sections may
drastically worsen the total time delay and even result in the false
switching of logic gates. Therefore, the crosstalk mechanism in
differential serpentine delay line has been investigated [2]–[4].

Differential signals transmission ideally maintains good sig-
nal integrity and exhibits low electromagnetic emission or elec-
tromagnetic interference. However, in practical circuits, the
differential signal pairs may accompany unwanted common-
mode noise when the differential signals are skewed in time
(as when differential traces exhibit a length mismatch), coupled
crosstalk noise, and other effects. Owing to the differential ser-
pentine scheme, the differential serpentine delay line is always
associated with unwanted common-mode noise. In high-speed
data links, cables are always required to transmit differential
signals between electronic devices. The common-mode noise
may couple to the I/O cables and form an excitation source of
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the antenna [5]. However, the previous studies have focused
on the crosstalk effect, transient waveforms, and the phase-
delay time [6] for differential serpentine delay line. Common-
mode noise on a differential serpentine delay line has not been
investigated.

This paper investigates the mechanism of generation of tran-
sient transmission common-mode noise in a differential ser-
pentine delay line under weakly coupled condition. The time-
domain transient waveforms of generation mechanisms are sim-
ulated by HSPICE. The mechanisms are validated in the time do-
main using the 3-D full-wave simulator, CST [7]. Additionally,
the differential-to-common mode conversion Sc2d1 mixed-mode
S-parameters [8] are used to verify the time-domain simulation
results obtained using the HFSS [9].

This paper is organized as follows. In Section II, the circuit
model for a differential serpentine delay line is constructed and
the problem of interest is described. Section III investigates
the mechanisms of generation of common-mode noise in a dif-
ferential serpentine delay line. Subsequently, the cancellation
mechanism of near-end common-mode noise for a symmetrical
differential serpentine delay line structure is explained using
a graphical method. Section IV focuses on the common-mode
noise of some practical layout routings. Important guidelines for
designing a differential serpentine delay line are presented. Sec-
tion V compares simulated and measured results for verification
purposes, and Section VI draws brief conclusions.

II. STATEMENT OF THE PROBLEM AND CIRCUIT MODELING

Fig. 1 shows a typical differential serpentine delay line that is
formed by coupled microstrip lines with three parallel differen-
tial trace pairs. Fig. 1 presents the top and cross-sectional views
of the differential serpentine delay line, specifying all structural
parameters, such as line width W of differential traces, length �
of parallel-coupled traces, length �1 of parallel-coupled traces
that are connected to port, the height H of the substrate, the di-
electric constant εr of the substrate, the thickness x of the signal
trace, the spacing D between differential trace pairs, the distance
S between differential traces, and the number N of section in a
differential serpentine traces.

An ideal differential interconnect of a serial link maintains
differential symmetry, such that common-mode noise is not
an issue. However, in a microstrip differential serpentine de-
lay line, some issues concerning common-mode noise at the
receiving end arise. These concern the differential bends, the
length of the parallel differential traces, the crosstalk effect
in parallel differential trace pairs, asymmetric structure, and
others. Fig. 1(a) shows two differential vertical-turn-coupled
traces, each with four differential bends in a differential serpen-
tine delay line for N = 3. The asymmetries of the differential
vertical-turn-coupled traces involve mismatching trace lengths
and bent discontinuities. These two asymmetries can result in
common-mode noise [11]. Moreover, the crosstalk noise effect
between differential line pairs in a compact situation also pro-
duces common-mode noise. Like the dual back-to-back-coupled
bends effect [11] in differential interconnects, the reduction
of common-mode noise associated with the dual back-to-back
vertical-turn-coupled traces must also be investigated.

Fig. 2. Graphical configuration of the simulation method used in HSPICE for
a differential serpentine delay line (for N = 3).

Fig. 3. Comparison of the simulation results of differential reflection and
insertion losses of 45◦ angle coupled bends between the equivalent circuit
model and full-wave simulator (HFSS).

Fig. 2 presents the circuit model that is used in the HSPICE
simulation of the differential serpentine delay line with N =
3. The multiple-coupled transmission lines are modeled using
W-elements, thereby taking into account the finite transmission
line loss. The coupled and single transmission lines of vertical-
turn traces are also modeled using W-elements. The figure also
presents the T model of the 45◦ angle coupled bends [10]. The
extracted parameters [11] of the coupled bends model are Ls1 =
1.23 × 10−2 nH, Ls2 = 7.175 × 10−2 nH, Lm = 3.5 × 10−3 nH,
Cs1 = 7.8 × 10−3 pF, Cs2 = 4.3 × 10−2 pF, and Cm = 0.5 ×
10−3 pF. In addition, Fig. 3 shows the comparison of the simu-
lation results of differential reflection and insertion losses of the
coupled bends between the equivalent circuit model and full-
wave simulator (HFSS). The favorable comparison validates
the proposed equivalent circuit model of 45◦ angle coupled
bends. For simplicity, the differential sources are ideal symmet-
ric. Common-mode noise does not exist at the driving sources
of the differential serpentine delay line.

In this study, for time-domain analysis, the common-mode
voltage Vc and differential-mode voltage Vd are, respectively,
defined by

Vc,i =
V1,i + V2,i

2
(1a)

Vd,i = V1,i − V2,i (1b)
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Fig. 4. Comparison of simulated transient transmission common-mode volt-
ages between HSPICE and CST on a differential serpentine delay line.

where V1,i and V2,i denote the two voltages on the two differ-
ential lines, respectively, at the same vertical position relative to
the differential serpentine delay line. The subscript “i” denotes
the position—a, b, c, d, e, and f—on the differential serpentine
delay line, as shown in Fig. 1(a).

The mechanism of generation of common-mode noise in-
vestigated using the transient waveform in the time-domain and
the frequency-domain validation is also presented. Accordingly,
the mixed-mode S-parameters [8] are widely adopted to perform
the differential interconnects, such as differential serpentine de-
lay microstrip line in frequency-domain analysis. A two-port
differential device under test, differential serpentine delay mi-
crostrip line, is also shown in Fig. 2(a). A matrix of mixed-mode
S-parameters can be constructed in a way similar to the single-
ended traditional S-parameters matrix as

[S]4×4 =

⎡
⎢⎢⎢⎢⎢⎣

Sd1d1 Sd1d2

Sd2d1 Sd2d2

Sd1c1 Sd1c2

Sd2c1 Sd2c2

Sc1d1 Sc1d2

Sc2d1 Sc2d2

Sc1c1 Sc1c2

Sc2c1 Sc2c2

⎤
⎥⎥⎥⎥⎥⎦

=

[
[Sdd ] [Sdc ]

[Scd ] [Scc ]

]
(2)

where Sdidj and Scicj (i, j = 1, 2) are the differential-mode and
common-mode S-parameters, respectively. Sdicj and Scidj (i,
j = 1, 2) are the mode-conversion S-parameters. For a differen-
tial serpentine delay microstrip line, the differential-to-common
mode conversion Sc2d1 is selected to characterize common-
mode noise at the reviving end in the frequency domain.

Consider a practical routing differential serpentine delay line
in mile-scale industrial PCB, as shown in Fig. 2(a). Fig. 2(b)
shows the cross-sectional view that corresponds to Fig. 2(a),
with W = 7.5 mil, S = 9.5 mil, H = 5.5 mil, D = 17 mil, x =
1.7 mil, εr = 4.4, loss tangent = 0.02, �1 = 102 mil, and � =
536 mil. The driving sources are a ramp pulse with a magnitude
of ± 0.5 V and a rise time tr of 50 ps. The driver and load

Fig. 5. Comparison of simulated differential-to-common mode conversions
between a differential serpentine delay line (N = 3) and direct differential lines
for the same total length.

resistance are chosen as Rs1 = Rs2 = RL 1 = RL 2 = 50 Ω. The
differential impedance is about 100 Ω (i.e., the odd impedance
is about 50 Ω) and the coupling coefficient [12] of the coupled
microstrip lines is about 0.1. Therefore, the differential traces
of the differential serpentine delay line are weakly coupled.

Fig. 4 compares the transient transmission common-mode
voltages simulated using HSPICE and CST for a differential ser-
pentine delay line. Clearly, the results simulated using HSPICE
are consistent with those obtained using the CST. At the inter-
nal positions, c and d, the common-mode voltage has the large
amplitude. Furthermore, the common-mode voltages at posi-
tions c, d, and e have a flat dc voltage component. However,
the common-mode voltage at the relative receiving position f
does not have a large flat dc voltage component. Therefore, the
large flat dc component of the common-mode voltage within the
differential serpentine delay line is almost entirely absent at the
receiving end.

Fig. 5 compares the differential-to-common mode conver-
sion that was simulated by HFSS for a differential serpentine
delay line (N = 3) with that for direct differential lines with the
same total length. Clearly, the differential serpentine delay line
exhibits larger differential-to-common mode conversion over a
wide range of frequencies. Restated, the common-mode noise
is larger at the receiving end when the differential signals pass
through the differential serpentine delay line than when they
pass through the direct differential lines. The corresponding
differential-to-common mode conversion for a differential ser-
pentine delay line with N = 3 is Vc,f , as shown in Fig. 4. Notably,
although the direct differential lines have a perfectly symmetri-
cal structure, a slight differential-to-common mode conversion,
shown in Fig. 5, still occur because of the asymmetrical numeri-
cal solutions obtained using the 3-D full-wave solver (HFSS) for
the two traces of direct differential lines. Most of the asymmet-
rical solutions are attributable to the asymmetry of the solved
meshes [9].
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Fig. 6. Comparison of common-mode voltages on the part of the structure of
a differential serpentine delay line.

The general guideline for designing differential serpentine
delay lines is to ensure that the trace lengths of the two differen-
tial traces are equal. Although the lengths of the two differential
traces are equivalent to each other, according to the scheme
for routing dual back-to-back vertical-turn-coupled traces, as
shown in Fig. 2(a), common-mode noise still is generated at
the receiving end. The intense common-mode noises, as pre-
sented in Fig. 4, in the interior of the differential serpentine
delay line are absent at the receiving end. The following section
investigates mechanisms of generation of transient transmission
common-mode noise for differential serpentine delay line.

III. GENERATION MECHANISM OF COMMON-MODE NOISE FOR

DIFFERENTIAL SERPENTINE DELAY LINE

A. Length Mismatch of Vertical-turn-Coupled Traces

The same parameters as in the previous example in Section II
were used in a simulation structure that includes only two
vertical-turn-coupled traces and one pair of differential traces
that connected the two vertical traces, as shown in Fig. 6. There-
fore, an ideal differential ramped step source with a magnitude
of ± 0.5 V and a rise time of 50 ps is driven at position b.
The common-mode voltage Vc,c at position c is generated by
the mismatch of lengths of the vertical-turn-coupled traces. The
amplitude of the common-mode voltage Vc,c can be approxi-
mated by

Vc =
Vin

tr
Δtv (3)

The term tv is the time difference between the two time de-
lays of the vertical-turn-coupled traces. The tv in this exam-
ple is about 8.2 ps and the amplitude of the common-mode
voltage Vc,c is about 42 mV, according to (3). Furthermore, a
common practical routing scheme, like the dual back-to-back-
coupled bends scheme [11], using dual back-to-back vertical-
turn-coupled traces that are embedded in a differential serpen-
tine delay lines is employed to maintain the equivalent trace
length without the significant skew. Hence, most of the common-

Fig. 7. Remnant common-mode noise of the dual back-to-back vertical-turn-
coupled traces of a differential serpentine delay line observed at the position e
for various length �.

mode noise is canceled at position e. However, some noise re-
mains at position e, as shown in Fig. 6. The dual back-to-back
vertical-turn-coupled traces of a differential serpentine delay
line can eliminate most of the common-mode noise.

B. Length Effect of Parallel-Coupled Traces

Since the velocities of the even-mode and odd-mode signals
are equal, the stripline structure can almost cancel the common-
mode noise but the microstrip structure cannot for dual back-
to-back vertical-turn-coupled traces that are embedded in dif-
ferential serpentine delay line [11]. With the parameters of the
structure used in the previous example, a differential ramped
step signal with a magnitude of ± 0.5 V and a rise time of 50 ps
is used for excitation. Consider the dual vertical-turn-coupled
traces with various inner lengths �= 100, 500, 1000, 2000, 2500,
and 3000 mil as a parameter. Although the dual back-to-back
vertical-turn-coupled traces can help to reduce the common-
mode noise, the remnant common-mode noise at position e for
various lengths is as shown in Fig. 7. However, the compensa-
tion becomes less effective as the length of the coupled lines
between the two vertical-turn-coupled traces increases [11].

As the routing length of the coupled lines between dual
back-to-back vertical-turn-coupled traces increases, the differ-
ence (Δt = Teven−Todd ) between the delay times of the odd-
mode and even-mode signals that is induced by the first (i.e.,
right side) differential vertical-turn-coupled traces and the rem-
nant common-mode noise at position e increases. Nonetheless,
the remnant common-mode noise increases to become saturate
when the difference between the propagation times of the even-
mode and odd-mode signals along the length equals twice the
difference between the delay times, 2τ = 2 × (Td,v2 − Td,v1),
of the two vertical-turn-coupled traces. Notably, this difference
is the time delay Td,v2 observed in the outer vertical-turn trace
for the time delay Td,v1 in the inner vertical-turn trace, as shown
in Fig. 7. After the remnant common-mode noise has reached
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the saturation, increasing the length increases the transient width
of common-mode noise [11].

With respect to the simulated remnant common-mode noise
waveforms with various�, mentioned in the preceding section,
the maximum magnitude of the common-mode noise is derived
as presented elsewhere [11]. A simple, graphical presentation
of the results follows. According to (1), the voltages (V1,i , V2,i)
on the two differential lines also can be calculated as linear
combinations of common-mode and differential-mode voltages

V1,i =
2Vc,i + Vd,i

2
(4a)

V2,i =
2Vc,i − Vd,i

2
. (4b)

Consider an ideal differential ramped step source, with a mag-
nitude of ± 0.5 V and a rise time tr , that is driven at position
b of the simulated structure in Section III-A. According to (1)
and (4), Fig. 8(a) plots the related voltage waveforms at posi-
tions b, c, d, and e in the structure. For simplicity, the voltage
waveforms in Fig. 8(a) are based on the following assumptions:
1) differential transmission lines are lossless; 2) the coupling
between coupled lines is negligible; 3) the discontinuity effect
of bends is negligible; and 4) the common propagation time
is negligible. Additionally, since the common propagation time
is neglected for every signal pair (V1,i , V2,i or Vd,i , Vc,i ) , the
time of the first arrival at each position is measured from time
“0” in Fig. 8(a). Therefore, three signal pairs, (V1,d , V1,e ), (V2,b ,
V2,c ), and (Vd,d , Vd,c ), clearly have the same voltage waveforms,
which are shown in Fig. 8(a).

From Fig. 8(a), the remnant common-mode noise Vc,e at
position e is half of the sum of V1,e (V1,d ) and V2,e (V2,d with
delay τ ). According to (1) and (4), Vc,c and Vc,d are linear
combinations of V1,c and V2,c . Moreover, Vc,d and Vd,d are linear
combinations of V1,d and V2,d . Because the waveforms of V2,c

and Vd,c are the same as those of V2,b and Vd,d , respectively,
the differences between the waveforms of V1,c and V1,d and
between those of V2,c and V2,d are the same, and determined by
the difference between the waveforms of Vc,c and Vc,d (Vc,c with
delay Δt), according to (4). Therefore, ΔV ′

1 and ΔV ′
2 are defined

as the differences obtained by subtracting V1,c from V1 ,e ( V1 ,d )
and subtracting V2 ,b from V2 ,d , respectively. Furthermore, ΔV ′

can also be obtained from (Vc,d - Vc,c ). Consequently, based on
the aforementioned analyses, the remnant common-mode noise
Vc,e can be calculated as half of the sum of ΔV ′

1 and ΔV ′
1 with

delay τ , as shown at the bottom of Fig. 8(a).
The first time difference τ between the vertical-turn traces

determines the rise time of the waveform ΔV ′
1 ( = Vc,d - Vc,c ).

The time difference Δt determines the plus width (Δt + τ )
of ΔV ′

1 . The second time difference τ between the vertical-
turn traces is the delay time of ΔV ′

1 , as shown at the bottom
of Fig. 8(a). Accordingly, the remnant common-mode noise
Vc,e can be regarded as the resultant of two identical trapezoid
waveforms with the same rise time τ and plus width (Δt + τ ),
with a time shift of τ between them.

As determined by the range of Δt, the resultant voltage Vc,e

can be identified as satisfying one of three conditions, which
are Δt < 2τ , Δt = 2τ , and Δt > 2τ . For Δt < 2τ , as Δt

Fig. 8. (a) Comparison of the voltage waveforms at various positions in a
dual back-to-back vertical-turn-coupled traces with middle differential lines of
a differential serpentine delay line for Δt = 2τ case. (b) Resultant voltage Vc ,e

for Δt < 2τ and Δt > 2τ .
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TABLE I
COMPARISON OF THE REMNANT COMMON-MODE NOISE AT POSITION E

BETWEEN HSPICE SIMULATION AND APPROACH (5)

increases, the maximum magnitude of Vc,e increases, as shown
in Fig. 8(b). For Δt = 2τ , the magnitude of Vc,e is at its saturation
value, as shown at the bottom of Fig. 8(a). For Δt > 2τ , the
maximum magnitude of Vc,e reaches saturation and an increase
in Δt results only in an increase in the pulse width, as shown in
Fig. 8(b).

In common case in which Td,v1 ,Td,v2<<tr , the maximum
coupled noise is approximated by [11]

Vc,e max =
Vin

4tr
× min[2τ,Δt] (5)

where the time difference Δt = (�/veven) − (�/vodd)is related
to the percentage velocity difference

Δv(%) =
vodd − veven

vaverage
(6)

by

Δt =
�

vaverage
× Δv(%) (7)

where vevenandvodd are the velocities of the common and dif-
ferential modes, and vaverage is their average.

Table I compares the remnant common-mode noises at posi-
tion e obtained by the HSPICE simulation and using (5). The
estimated maximum magnitude of common-mode noise is ac-
curately given by (5). However, in the case of long trace, the
magnitude of common-mode noise is slightly degraded due to
the loss.

C. Crosstalk Noise Effects

The differential serpentine delay line is formed from coupled
microstrip lines, as shown in Fig. 2(a). The near-end crosstalk
(NEXT) Vn among the sections of a serpentine delay line is well
known to accumulate in phase, appearing as a laddering wave on
the time-domain transmission (TDT) waveform [2], [3]. Hence,
the concept of trace-to-trace coupling can be utilized to apply
the crosstalk-induced single-end delay exactly to the differential
serpentine delay line.

Under the assumption of weakly coupling, lossless and
matched loads at both ends, the main signal in the active line
is weakly influenced by the presence of crosstalk noise. With
respect to the ramped step voltage Vi on the active line, the
saturated near- and far-end crosstalk voltages (for tr < 2Td) in
the victim line can be expressed as [13]

Vn ≈ Vi × knear = Vi ×
1
4

(
Lm

Ls
+

Cm

Cs + Cm

)
(8)

Fig. 9. Comparison of near-end common-mode noises induced between two
differential pairs with two different driving signals cases.

Vf ≈ −Vi
Td

tr
× kfar = −Vi ×

Td

2tr

(
Lm

Ls
− Cm

Cs + Cm

)
(9)

where L and C are the inductance and capacitance, and subscripts
s and m indicate self and mutual terms, respectively, Td is the
line delay time, and knear and kfar are the near- and far-end
crosstalk coefficients, respectively.

Since the near-end crosstalk is evident at the receiving end of
a differential serpentine delay line, but far-end crosstalk appears
at the driving end [3], the common-mode noise that is induced
by the crosstalk effect at the receiving end of a differential
serpentine delay line should be considered in investigating the
near-end crosstalk noise. Moreover, because the signals that
propagate on differential lines alternate between positive and
negative, the coupling between two differential pairs can be
divided into two kinds—a and b, as shown in Fig. 9. The near-
end common-mode voltage, which is the common-mode voltage
at the near-end of parallel traces, can be approximated by

Vcommon =

(∑4
i=1 Vni

)

2
(10)

where Vni denotes the near-end crosstalk noise that is induced
by the adjacent traces of differential pairs, as shown in Fig. 9.
For the same parameters as in the previous example in Section II,
Fig. 9 compares the near-end common-mode noise waveforms
for cases a and b. The two couplings, with different driving
excitations of two differential trace pairs, both appear in the
serpentine delay line and result in different voltage polarity but
equal amplitude. Table II shows the maximum voltage levels of
the near-end common-mode noises obtained by HSPICE simu-
lation and the aforementioned formula. Clearly, the agreement
between the HSPICE simulation and (10) is strong.

In Fig. 4, the common-mode noise at positions c, d, and e
of the differential serpentine line has a flat dc voltage compo-
nent but do not appear at the receiving end. The flat dc voltage
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TABLE II
COMPARISON OF MAXIMUM VOLTAGE LEVELS OF THE NEAR-END

COMMON-MODE NOISES BETWEEN HSPICE SIMULATION

AND APPROACH FORMULA

component of common-mode noise is similar to the near-end
common-mode voltage, as shown in Fig. 9. Therefore, a popular
graphical method that is based on wave tracing to illustrate and
predict the crosstalk waveforms of two coupled transmission
lines with matched termination has been proposed [14]. The
graphical method is used to elucidate the near-end common-
mode noise for a differential serpentine delay line as follows.
In the following illustration, the rise time is smaller than double
the delay time Td,p . Additionally, to facilitate the description,
Vn, common1 and V ′

n,common1 represent the first and second near-
end common-mode noise crosstalk couplings, respectively. The
terms Vn,common2 and V ′

n,common2 represent the two near-end
common-mode noise that is induced by the driving method as-
sociated with coupling case b for different differential pairs.

Consider a differential-ramped step pulse, as in the case
a driving method, which propagates down the left end of
differential pair 1 of a differential serpentine delay line, as
shown in Fig. 10(a). Backward propagating common-mode
noise crosstalk Vn, common1 with negative polarity is immedi-
ately induced on the left end of differential pair 2, as shown
in Fig. 10(a). After time Td,p , Vn, common1 propagates through
the vertical-turn-coupled traces to near the right end of differen-
tial pair 3. Simultaneously, the differential sources arrive at the
right end of differential pair 1, as shown in Fig. 10(b). At time
Td,p + Td,vt , as shown in Fig. 10(c), the differential sources
arrive at the right end of differential pair 2 and the driving
method changes from case a to case b owing to the serpentine
routing. Additionally, the two near-end common-mode noises,
V ′

n,common1 and Vn, common2 , with negative and positive polari-
ties at the right end of differential pair 1 and 3, respectively, are
immediately induced by the differential sources with the case
b driving method, as shown in Fig. 10(c). During the period
(Td,p + Td,vt)–(1.5Td,p + Td,vt), the V ′

n,common1 propagates
through the vertical-turn-coupled traces toward the left end of
differential pair 2. Simultaneously, the two near-end common-
mode noises, Vn, commo n2 and Vn, common1 , with different volt-
age polarities cancel out, as shown in Fig. 10(d). Then, when the
differential sources propagate through the vertical-turn-coupled
traces and reach the left end of differential pair 3, the method for
driving the differential sources has already changed from case b
to case a. The near-end common-mode noise V ′

n,common2 is im-
mediately induced by the differential sources. At that time, the
V ′

n,common1 arrives at the left end of differential pair 2, as shown
in Fig. 10(e). After the time 2Td,p + 2Td,vt , the two near-end
common-mode noises, V ′

n,common2 and V ′
n,common1 , with dif-

ferent voltage polarities cancel out, as shown in Fig. 10(f).

Fig. 10. Summary for generation mechanism of the near-end common-mode
noises: at time (a) t = 0+ , (b) t = 0+ –Td ,p , (c) t = Td ,p –(Td ,p + Td ,v t ), (d) t =
(Td ,p + Td ,v t )–(1.5Td ,p + Td ,v t ), (e) (1.5Td ,p + Td ,v t )–(2Td ,p + 2 Td ,v t ), and
(f) (2Td ,p + 2Td ,v t )–(2.5Td ,p +2 Td ,v t ).
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Fig. 11. Comparison of the common-mode noises at receiving end of a differ-
ential serpentine delay line with different rise times.

Owing to the symmetry of differential serpentine delay line,
the two near-end common-mode noises cancel out. Therefore,
the near-end common-mode noise that some or most of it is
present in the interior of differential serpentine delay line but
not at receiving end. Moreover, according to aforementioned
graphical illustration, the existence of most of the dc voltage
component in the common-mode noises at positions c, d, and
e on the differential serpentine line can be explained. For ex-
ample Vc,d , according to the aforementioned illustration, can be
detected for the near-end common-mode noise during the period
0–(1.5Td,p + Td,vt).

IV. MORE ANALYSIS OF PARAMETERS

FOR COMMON-MODE NOISE

Given the same parameters of cross-sectional view as used in
the previous example in Section II, the differential serpentine
delay line is analyzed with different parameters and conditions.

A. Rise Time Effect

Fig. 11 presents the common-mode noises at the receiving
end of a differential serpentine delay line (N = 3) for various
rise times. According to the analyses in the preceding section,
the two peak voltages of common-mode noise are generated by
the two ramps of the differential sources with opposite polar-
ities. Therefore, a small rise time tr is associated with a large
common-mode noise.

B. Number of Section Effect for Inequivalent Total Length

Figs. 12(a) and 11(b) show the common-mode noises at the
receiving end and the differential-to-common mode conversions
(|Sc2d1 |) of the differential serpentine delay line, respectively,
with different number of sections N. A symmetrical structure
and an odd number of sections minimize the common-mode
noise of a differential serpentine delay line. However, for N
= 4, the common-mode noise consists of mostly a negative
near-end common-mode voltage and a large peak voltage, as

Fig. 12. Comparison of the (a) common-mode noises at receiving end and (b)
differential-to-common mode conversions of the differential serpentine delay
line with different numbers of section N.

shown in Fig. 12(a). For an even number of sections (such
as N = 4), the structure is short of the vertical-turn-coupled
traces to compensate for the mismatch between trace lengths,
so significant common-mode noise is excited. The large negative
peak common-mode voltage, which is excited by the total trace
length mismatch, as shown in Fig. 12, is similar to the voltage
Vc,d in Fig. 6. Furthermore, according to the previous graphical
illustration, the mechanism of common-mode noise generation
for a differential serpentine delay line with N = 4 at the last
differential pair is similar to that under the condition in Fig. 10(e)
without the differential pair 3 or the left vertical-turn-coupled
traces. Therefore, Vn, common propagates toward the receiving
end and cannot be canceled.

For an even number of sections, the differential serpentine
delay line has a large common-mode noise at its receiving end.
The large common-mode noise is composed of mostly a flat
near-end common-mode voltage and a large negative voltage
peak, which is produced by mismatch between the lengths of
the vertical-turn-coupled traces, and is similar to Vc,c in Fig. 6.
Moreover, with reference to frequency domain, as shown in
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Fig. 13. Comparison of the (a) common-mode noises at receiving end and (b)
differential-to-common mode conversions of the differential serpentine delay
line with different lengths of parallel differential pairs.

Fig. 12(b), when the number of sections is even, such that a total
length mismatch exists, the common-mode noise at the receiving
end exceeds that with an odd number of sections throughout the
frequency range of interest (0.1 kHz–10 GHz). The common-
mode noise in the N = 5 case exceeds than in the N = 3 case.
As an important design guideline, the number of sections of a
differential serpentine delay line must be odd to ensure total
length matching.

C. Asymmetry Effect

A routing scheme with various section lengths for a differen-
tial serpentine delay line is usually used in an industrial PCB
because of spatial constraints. Figs. 13(a) and 12(b) compare the
common-mode noises at the receiving end and the differential-
to-common mode conversion (|Sc2d1 |) of the differential ser-

pentine delay line, respectively, with various lengths �2 of the
parallel differential pair. The time-domain results in Fig. 13(a)
clearly reveal that longer sections correspond to a larger peak
voltage of the common-mode noise. A smaller section length
corresponds to a higher near-end common-mode voltage. Its
width increases but the voltage peak decreases. Based on the
graphical illustration in Section III, the existence of both short
and long differential pair sections in a differential serpentine
delay line causes near-end common-mode noise cancellation
to be incomplete. Therefore, near-end common-mode noise ap-
pears at the receiving end. As determined with reference to the
frequency domain, in Fig. 13(b), a smaller section length cor-
responds to a large magnitude at low frequencies owing to the
existence of near-end common-mode noise, which is shown in
Fig. 13(a). However, the larger section length � corresponds
to a larger magnitude at high frequencies owing to the large
voltage peak of the common-mode noise, which is also shown
in Fig. 13(a). Furthermore, it indicates that the long differen-
tial lines between dual back-to-back vertical-turn-coupled traces
can result in a large voltage peak of the common-mode noise,
such as Vc,e in Fig. 7.

D. Stripline Structure

The velocities of the even-mode and odd-mode signals are
well known to be almost equal in a stripline structure of a ho-
mogeneous material [11], [15]. Therefore, the dual back-to-back
vertical-turn-coupled traces should compensate for length mis-
match in a stripline structure. The common-mode noise then
becomes very small and is not an issue. However, the crosstalk
effect in an asymmetrical routing of a differential serpentine
delay line in the stripline, as in Fig. 14, should be investigated.
Consider a differential serpentine delay stripline with a cross-
sectional view as presented in Fig. 14(a) with W = 5 mil, S =
9.5 mil, H1 = 30 mil, H2 = 8.5 mil, D = 15 mil, x = 1.5 mil,
εr = 4.4, loss tangent = 0.02, N = 5, and � = 536 mil. As in
the aforementioned methods in Section II, the equivalent cir-
cuit model parameters are extracted. Based on the differential
driving sources and HSPICE circuit model method that was de-
scribed in the previous section, Figs. 14(a) and 13(b) compare
the time-domain common-mode noises at the receiving end and
the differential-to-common mode conversions of the asymmet-
rical differential serpentine delay line, respectively, for different
lengths�2 . Additionally, Fig. 14(a) shows the common-mode
noises for a symmetrical differential serpentine delay line with
length � = 336 and 536 mil. In Fig. 14(a), the large voltage
peaks of common-mode noise caused by the different velocities
of the even-mode and odd-mode signals in the microstrip line
are not present in the stripline structure. The maximum magni-
tude, about −1.8 mV, of common-mode noise is low and almost
the same for lengths� = 336 and 536 mil. From Fig. 14(b), the
differential-to-common mode conversions for lengths� = 336
and 536 mil are both very small below 8 GHz. Accordingly,
the dual back-to-back vertical-turn-coupled traces in a differen-
tial serpentine delay line can almost compensate for the length
mismatch in the stripline structure.
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Fig. 14. Comparison of the (a) common-mode noises at receiving end and (b)
differential-to-common mode conversions of the differential serpentine delay
line with different lengths of parallel differential pairs.

Based on the investigations in Section III, the mechanisms of
generation of common-mode noise in a differential serpentine
delay line involve not only length mismatch but also crosstalk.
In the analysis of an asymmetrical pattern in Fig. 13(a), since
the cancellation of near-end common-mode noise is incomplete,
near-end common-mode noise is present at the receiving end of
the asymmetrical differential serpentine delay line, as shown in
Fig. 14(a). The near-end common-mode noise does not saturate
between section lengths �2 of 536 and 336 mil. Hence, in this
range, a longer section corresponds to larger near-end common-
mode noise. When the section length exceeds 336 mil, the near-
end common-mode noise becomes saturated. Additionally, with
respect to differential-to-common mode conversion, as shown
in Fig. 14(b), a smaller section length �2 corresponds to a larger
magnitude of Sc 2d1 that is below 5 GHz. As the section length
�2 is changed form 536 to 436 mil, the magnitude of Sc 2d1
becomes large. Consequently, although the dual back-to-back
vertical-turn-coupled traces of the differential serpentine delay
line can almost compensate for length mismatch in a stripline

Fig. 15. Measured boards. (a) N = 3. (b) N = 4. (c) N = 5.

structure, the design guideline for minimizing common-mode
noise is to maintain a symmetrical routing pattern, meaning that
the parallel traces of a differential serpentine delay line have the
same length.

Hence, symmetrical routing is required for a differential ser-
pentine delay line not only with a microstrip structure but also
with a stripline structure, because the near-end common-mode
noise cancellation mechanism will only then be complete.

Based on the aforementioned results, the following important
design guidelines to minimize the common-mode noise at the
receiving end of a differential serpentine delay microstrip line
are proposed. 1) The parallel traces should be short; 2) rout-
ing should be symmetrical: all parallel traces should have the
same length; and 3) the number of sections must be odd: the
lengths of the two traces of a differential serpentine delay line
must be equal. Moreover, the routing pattern of differential ser-
pentine delay line in a stripline structure must be symmetrical.
The length between the dual vertical-turn-coupled traces is not
important.

V. EXPERIMENTAL VALIDATION

To verify the results of the analysis in Sections III and IV, the
simulated and measured results concerning the TDT common-
mode noises and the frequency-domain differential-to-common
mode conversions are compared. For ease of implementation
in our laboratory, the measured boards are fabricated on a mil-
limeter scale. The differential serpentine delay line has a cross
section with W = 0.6 mm, S = 0.6 mm, D = 1.05 mm, x =
0.035 mm, H = 0.4 mm, a substrate material with εr = 4.4,
and loss tangent = 0.02. The length of the pairs of the parallel
differential serpentine delay line is 23 mm and the considered
numbers of sections N are 3, 4, and 5. The photographs of the
measured boards are shown in Fig. 14. As in the aforementioned
methods in Sections II, the equivalent circuit model parame-
ters are extracted. A time-domain reflectometer TEK/CSA8000
and a frequency-domain network analyzer Agilent/E5071B are
adopted to verify the experimental results. With both the source
resistance and the load resistance at 50 Ω, the launching volt-
age source is drawn out of the reflectometer in the HSPICE
simulation.
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Fig. 16. Comparison of the (a) common-mode noises at receiving end and (b)
differential-to-common mode conversions of the differential serpentine delay
line with different lengths of parallel differential pairs.

Figs. 16(a) and 15(b) compare the simulated and measured
time-domain common-mode noises at the receiving end and the
frequency-domain differential-to-common mode conversions
(Sc2d1) of the differential serpentine delay line, respectively,
for various numbers of sections, respectively. The results of the
simulation agree closely with the measurements, as shown in
Fig. 16(a). Furthermore, a comparison with Fig. 16(b) indicates
that the simulated differential-to-common-mode noise conver-
sions agree closely with are consistent with the measured ones.
However, most of the deviations between the HFSS simulations
and the measurements are attributable to neglect of the semirigid
coaxial cable, some small variations in the properties of the fab-
ricated material (such as dielectric constant, loss tangent), and
the definition of the port(s), among others factors. Although a
slight discrepancy exists, the results obtained using the qualita-
tive model, by quantitative analysis, by simulation, and by mea-
surement, all verify the effect and existence of common-mode
noise at the receiving end of a differential serpentine delay line.

VI. CONCLUSION

The mechanisms of generation of transient transmission
common-mode noise in the differential serpentine delay line un-
der weak coupling condition are investigated. A transient wave-
form analysis based on a simulation using HSPICE and mixed-
mode S-parameters using the differential-to-common mode con-
version Sc2d1 that was obtained by simulation using HFSS for a
differential serpentine delay line is performed to study the mech-
anisms of common-mode noise generation. The three main gen-
eration mechanisms are the mismatch of the lengths of vertical-
turn-coupled traces, the effect of the length of parallel-coupled
traces, and the crosstalk noise effect. A graphical method based
on wave tracing was presented to illustrate the mechanism of
near-end common-mode noise cancellation for a differential
serpentine delay line with symmetry. According to some in-
vestigations of practical, commonly used layout routings per-
formed, the following important design guidelines for minimiz-
ing common-mode noise at the receiving end of a differential
serpentine delay microstrip line are proposed: 1) the parallel
traces should be short; (2) the routing scheme should be sym-
metrical; (3) the number of sections must be odd. Additionally,
for a stripline structure, the routing pattern of a differential ser-
pentine delay line must remain symmetrical. The length between
dual vertical-turn-coupled traces is not important. Consequently,
a symmetrical routing pattern, in which the parallel traces of the
differential serpentine delay line are of equal length, is required
not only in a microstrip structure but also in a stripline struc-
ture, because only then can the near-end common-mode noise
be completely cancelled. A comparison between the simulated
and measured results validated the equivalent circuit model and
analytical approach.
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