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Abstract

This paper addresses the analysis and the design optimization of differential interconnects for high-speed Low-Voltage
Differential Signaling (LVDS) applications. Thanks to the differential transmission and the low voltage swing, LVDS offers
high data rates and improved noise immunity with significantly reduced power consumption in data communications,
high-resolution display, and flat panel display. We present an improved model and new equations to reduce impedance
mismatch and signal degradation in cascaded interconnects using optimization of interconnect design parameters such as
trace width, trace height and trace space in differential printed circuit board (FPCB) transmission lines. We have carried
out frequency-domain full-wave electromagnetic simulations, and time-domain transient simulations to evaluate the
high—frequency characteristics of the differential FPCB interconnects. We believe that the proposed approach is very helpful
to optimize high-speed differential FPCB interconnects for LVDS applications

Keywords : Low-Voltage Differential Signaling (LVDS), differential transmission, flexible PCB (FPCB),

high-speed
I. Introduction resolutions and higher color depths of the LCDs in
mobile and flat panel display applications. With this
Recently consumers are demanding higher display increase in demand for higher performance, current
technologies are becoming less efficient due to the
C QB BAY S AA T EAN B limited data rates and power dissipation. With
(Division of Electronic, Computer and Low—Voltage Differential Signaling (LVDS), which is
525;22?;?103&% Engineering Pukyong National a new technology addressing the needs of today's
" g9l orEuet AxE et} high performance data transmission applications, data
(Major of Electronic Engineering, College of rate has increased tremendously to meet these
ifggrr‘l’;icﬁvﬁ‘ﬁ;r;aﬁ(’“ Engineering, Andong demands in the high bandwidth market and still
Aedat: 200097927Y, FAY4EY: 20095399290 consumes much less power than competing
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[1~5]

The LVDS
becoming the most popular high-speed differential

technologies standard is now

data transmission standard in the industry, because it

offers  low low-noise  coupling, low

(EMD)

switching capability beyond many current standards,
[6~101

power,

electromagnetic  interference emissions,
and ability to be integrated into system level ICs
This LVDS technology also allows products to
address high data rates ranging from 100 Mbps to
greater than 2 Gbps. Transmission data speeds arrived
to some hundreds of MHz and are approaching to
1GHz.

between boards or systems, demands a meticulous

Transferring of data at such high speed

design of the traces and ground plane, as transmission
line with controlled characteristic impedance.

(FPCBs)
become the preferred media for mobile applications as
flexible, light

components is achieved by

Flexible printed circuit boards have

multifunctional, and
1576 The flexibility

producing thin conductors above thin layers of

compact

dielectric materials. Fig. 1 shows a typical structure
of a FPCB. Because of its dimension, there is no
reliable model for designing transmission lines with
controlled impedance for FPCB.

The reliable analysis and optimized design of the
high-speed differential FPCB transmission lines are
still important to reduce impedance mismatch and
=6 Controlled

impedance of a stack-up in high-speed systems is

signal  degradation characteristic

the most critical parameter in FPCB design. This
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impedance determines signal quality such as
reflections, crosstalk, and mismatch between

transmitters and recelvers[ ].

In this work, we describe the analysis and the
design optimization of differential FPCB transmission
lines for high-speed LVDS applications. An improved
model impedance

cascaded

interconnects are presented. This model optimizes

and new equations to reduce
mismatch and signal degradation in
design parameters such as trace width, trace height
and trace space in differential FPCB transmission
lines. To analyze the high—frequency characteristics
of the differential FPCBs, we evaluated characteristic
differential

coefficient, and near—-end crosstalk coefficient using

impedance, impedance, reflection

frequency domain full wave electromagnetic

simulations.
II. Interconnects Analysis and Optimization

2.1. LVDS Overview and Link
LVDS uses differential signals of the opposite
polarity with low voltage swings to transmit data at

9 Fig. 2 illustrates simplified diagram of

high rates
LVDS. LVDS outputs consist of a current source
with normal 3.5mA that drives the differential pair
lines. The basic receiver has a high DC input
impedance, so the majority of driver current flows

across the 100 @ termination resistor generating

UDD
‘l‘ it
™ —= | 02
A | i 108 ohm R
>_|-—u 'I.L‘u—-|_< A+ - \ b
—= —= = LVDS
Zi = 50 "l‘ Receiver
03 = _?‘-‘T - = Y.
sy L <A
—

=
Fig.

2. LVDS &Aool it chestE JigE

2. Simplified diagram of LVDS.



72

The

termination resistor provides a path between the

about 350 mV across the receiver inputs.
complementary signal paths of the system. When the
transmitter switches, it changes the direction of
current flow across the resistor, thereby creating a

valid “one” or “zero” logic state.

2.2. Transmission Line Analysis

Let’s consider FPCB interconnects for transmission
media with 50 & connectors as shown in Fig. 3.
Interconnects consist of FPCB traces in TX and RX
parts and FPC cable. At the receiver, a 100 Q
termination resistor is used to match the impedance
of the transmission line that connects the receiver to
the driver. Closely matching the impedance of this
termination resistor with the impedance of the
transmission lines reduces significantly harmful signal
that

characteristic impedance of each interconnect is not

reflections decrease signal quality. When
equal (said to be mismatched), there is reflection of
the incident wave. Equations (2.1a) to (2.1e) show
The

amplitude of the reflected wave normalized to the

reflection coefficients for each interconnect.

amplitude of the incident wave is known as the

reflection coefficient, I

Z, —2Z

Fom =2 = (2.18)
ZODZ + ZODI
Z .7

Lopy =2 (2.1b)
ZOD3 + ZOD2
Loy — 2

Fom =0 o0 (210)
ZOD4 + ZOD3
Z o —27Z

Lopy = ———* (2.1d)
ZODS + ZOD4
R.—Z

1—‘0[)5 = —L 003 (216)
RT + ZODS

where Zmp; to Zms represent interconnect

(875)

impedances.

When the lines are perfectly matched, I'=0 with no
reflected wave. It is recommended that all impedances
should be within 10% of the target impedance in 100
The TX and RX

should be located as close to the interface as possible

@ to minimize any reflections.

as shown in Fig. 3. This is done to minimize the
FPCB LVDS overall trace length and thus skew as
well. Skew 1s generally proportional to length, thus a
shorter
associated with it. To obtain good signal integrity

interconnect nominally has less skew
and signal quality for overall interfaces between TX
and RX, we need to avoid unnecessary via, sharp
bends or other discontinuities.

For LVDS, the DC currents should never flow in
but factors can cause an
in Fig. 4(D)

compared to the ideal case in Fig. 4(a).

the same direction,

imbalance in currents shown as
When this imbalance happens, an excess of field
fringing occurs since the field strength of the two

conductors is unequal. The extra fringe field can

PCB/FPCB PCB/FPCB
con. con.
FPC balanced cable =
TX |: :| R;|| RX
A |4 A Al 4 a
[} ] ] ] I I
[} ] ] ] I |
[} ] ] ] I I
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Fig. Interconnects for transmission media.
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Fig. 4. Odd mode signals on differential lines.

escape as TEM waves and lead to more EMIL At
GHz frequencies, any discontinuity due to this
impedance mismatch will cause severe degradation in
signal integrity, especially in low voltage signaling
systems such as LVDS. To achieve good impedance
matching, the transmission line analysis of the
intended interconnect structure with the accurate

modeling in FPCB should be carried out.

2.3. Development of Improved Model and New
Equations
This paper presents an improved model and newly
developed equations for FPCB.
Let's make a FPCB model considering a typical
FPCB structure shown in Fig. 1. Fig. 5 shows an
for FPCB with buried coupled

micro-strip structure. This model contains polyimide

improved model

(PD) and adhesive (epoxy) with dielectric constant
the

structure. It also has a thin polyimide film as a

& on conventional coupled micro—strip
dielectric base material.
Fig. 6 shows differential-mode excitations for a

coupled line and its equivalent capacitance networks.

w N w
—r—r—>
r
e | ecu _}#| PI+Adhesive (Epoxy)
A + -
& | t Dielectric material (PI)

24545

% 5 FPCBol et o=

=]
=

Z5ls ojo|3 = AER 2

Fig. 5. Buried coupled micro-strip model for FPCB.
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Fig. 6. Differential-mode excitations for a coupled line

and equivalent capacitance networks.

Newly developed equations using an improved FPCB
model can be extracted from this equivalent
capacitance circuit. If we assume a TEM type of
propagation, then the electrical characteristics of the
coupled lines can be completely determined from the
effective capacitances between the lines and velocity
of propagation on the line. Balanced differential lines
have equal but opposite (“odd” mode) signals. This
means that the concentric magnetic field lines tend to
be canceled and the electric fields tend to be coupled.

The capacitances of two conductors are a function
of the field lines orbit. As shown in Fig. 6, one orbit
group consists of vertical field lines between signal
trace and ground plane. The other orbit group
provides horizontal or lateral field lines between the
two traces. For the odd mode, the electric field lines
have an odd symmetry for the center line, and a
voltage null exists between the two strip conductors.
We can imagine this as a ground plane through the
middle of C;3 which leads to the equivalent circuit as
shown in Fig. 6. Cj2 represents the capacitance the
two strip conductors in the absence of the ground
Cny and Cz the

capacitances between the oneeach strip conductor and

conductor, while represent
ground in the absence of the other strip conductor. In
this case, the resulting capacitance of either line to

ground for the odd mode is
C,=GC,+2C, =G, +2C, (22)

and the differential impedance is
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1
Lo = ——
diff vC

o

(2.3)

where vis signal transmission velocity of line. The
value of Zay can be determined by calculating the
capacitance Cp.

Now let us describe newly developed equations
using improved FPCB model and its equivalent circuit
shown in Figs. 5 and 6, and equations (2.2) to (2.3).
Equations (2.4a) and (2.4b) express the characteristic
impedance and the differential impedance for a burred
micro-strip structure, respectively. Equation (2.4a) is
known in [11], and equation (2.4b) is newly developed
for FPCB.

87 598h
Zy= ln( 1 j
C e, 141 \08w+t (2.4a)
&, Ws+5hE,(W+1)
Z o — ZZ rl 1“r2
diff 0\/5rlws +15h¢e 6,(W+t) (24]3)
where &y and &2 are dielectric constants for

base film PI and buried layer (PI + adhesive),
respectively. Parameters /A, w; ¢ and s represent PI
thickness, trace width, trace thickness and distance
between the traces of a pair, respectively.

Coupled noise, or crosstalk, is the electric noise
caused by mutual

between signal traces due to their close proximity to

inductance and capacitance
each other. If not controlled through proper design,
crosstalk can cause high-speed digital system failure
due to false signals appearing on the transmission
lines. Equation (2.5a) is known in [1, 8], and equation
(25b) is modified from equation known in [11].
Far-end or forward crosstalk is wusually not a
problem in buried micro-strip environments, so in our
approach we We considered near-end or backward
crosstalk. If the coupled trace is perfectly well
terminated at the near-end with the characteristic
impedance of the trace (7)), there will be a little
reflection at the near —and a little backward crosstalk

reflecting back down the line.

1

Tol(Z,)+ Tol(R,)
T {vts) /AT ——" (25a)

CT,, = ;

&

Ty =2-1-85/04755, +0.67 (2.5b)

where C7yz is near-end or backward crosstalk
coefficient, 7p7 is the round trip propagation time,
and ¢ is signal rising time. 70AZy) and 7ol R7 are
tolerances for 7y and Rz respectively, and / is trace
length. The 7kr#/t term cannot exceed 1.0, and the
final term applies only if there are terminations at
both ends of the traces.

These
micro-strips. Use these equations from (24a) to
(25b) when 0.1<w/A<2.0 and also when 1<g; and
&:<15.

equations are available for narrow

II. Results And Discussion

“Timing” is very important factor in a high-speed
system. Signal timing depends on the shape of the
waveform when the threshold is reached. Signal
waveform distortions can be caused by two mostly
concerned noise problems such as reflection noise and
is due to

crosstalk noise. The reflection noise

vias and other

The

coupling between signal traces and vias results in

impedance mismatch,  stubs,

interconnect  discontinuities. electromagnetic
crosstalk noise. In this section, results for these
important parameters using an improved FPCB model
and developed equations are described for differential

FPCB transmission line.

3.1 Characteristic and Differential Impedances

Table 1 lists calculated results for characteristic
and differential impedances to verify accuracy of
proposed equations (2.4a) and (2.4b). Equations for
conventional results are referred to [12]. As shown in
Table 1, proposed equations showed accurate results
as compared to conventional results.

Fig. 7(a) shows the effect of trace thickness for
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Table 1. Calculated results for  characteristc  and
differential impedances.
- ) % Error (%)
onventi Proposed| Ideal
onal
results |results | | -()]x100 ()= ()] 100
results (b) (©) © ©
(a)
Zy
(4) 47.97 50.25 50 4.06 0.50
fg‘f)‘ 94.49 | 96.55 | 100 5.51 3.45
where /l, = 4.3, Wl = 3.8, Ml» = 3.2, ~~=500m,
w=750m, =500m and s=1800m.

20% variation (of nominal value) in the trace width
of FPCB differential interconnects on characteristic
and differential impedances. The effect of trace
thickness for -50% to +150% changes in the trace
space of differential interconnects on characteristic
and differential impedances is shown is in Fig. 7(b).
The reference or nominal value has been designed to
obtain characteristic and differential impedances of
approximately 50 ohm and 100 ohm, respectively. The
key parameters are depicted in Figs. 7(a) and (b).
The simulations have been performed at 500 MHz.
The results are obtained using equations (2.4a) and
(2.4b).

As shown in Fig. 7(a), the 10% change in trace
width produced change of approximately 6% in
differential impedance for trace thickness of 17.5 pm.
The differential impedance for trace thickness of 35 u
m showed change of about 5.6% from its reference
value. As expected from equations (2.4a) and (2.4b),
the differential impedance showed noticeable changes
for increased trace thickness. The 50% change in the
trace space showed change of less than 1% in the
differential impedance. However, the characteristic
impedance did not changed as shown in equations
(24a) and (2.4b). When the trace space increases
from its reference value, the differential impedance
also increases. As shown in Figs. 7(a) and (b), it can
be observed that the effect of trace thickness is more

significant than any other parameters. The differential

(878)
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Fig. 7. The effect of (a) trace width ratio and (b) trace
space ratio of differential interconnects on

characteristic and differential impedances.

impedance showed the slight change in the trace
space as compared to the variation in the trace
width.

3.2. Reflection Coefficient

8(a) and (b) show the effect of trace
thickness for changes in the trace width and space of
FPCB  differential

coefficient.

Figs.

interconnects on  reflection

The reflection is mostly caused by
impedance mismatch. The effect of the signal
reflection is one of most concerned noise problems in
a high-speed serial interface system. The results

shown in Fig. 8 are obtained using Fig. 7 and
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space ratio of differential interconnects on

reflection coefficients.

equation (2.1e). From these results, we can analyze
general problem for reflection of a normally incident
wave at the interface of a mismatch impedance of the
material.

As shown in Figs. 8(a) and (b), the trace structure
with trace thickness of 35 um showed

reflection as compared to trace thickness of 17.5 um.

large

This means that the trace structure with thinner
is much better than that with thicker
FPCB  differential

environments. It can be expected that when the trace

conductor

conductor  in interconnect

widths increase, the reflection coefficients increase,

and the trace spaces increase, the reflection

(879)

coefficients decrease.

3.3. Near—End Crosstalk Coefficient
The effect of trace thickness for changes in the
width of FPCB differential

interconnects on crosstalk is shown in Fig. 9. It is

trace and space

assumed that the tolerances for 2y and Fr are 109,
and signal rising time is 2ns. The results shown in
Fig. 9 are obtained using equations (2.5a) and (2.5b).
Crosstalk margin can be defined by

Crosstalk Coefficient€© 0.005. (3.1

As shown in Figs. 4 and 6, the two signal traces
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The effect of (a) trace width ratio and (b) trace
space ratio of differential interconnects on
near-end crosstalk coefficients.
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are coupled by the electric field, resulting in
crosstalk. The degree of crosstalk between two
adjacent signal conductors depends on their proximity
to each other. Consequently, the maximum crosstalk
allowed differential

determines the maximum space between conductors,

for a given interconnect
and thus, determining the minimum allowable signal
line space. As can be seen from Figs. 9(a) and (b),
typical signal conductor space in FPCB can be more
than 180 um to reduce crosstalk to an acceptable
level. It is expected that as the trace space increases,
the mutual inductance and capacitance decrease, and

thus the crosstalk noise level decreases.

IV. Conclusions

We have analyzed and optimized high-speed
differential FPCB transmission lines for LVDS. An
improved FPCB model and new equations were
developed. We

full-wave EM simulations, and time—-domain transient

have performed frequency—domain

simulations, and S-parameter simulations. Design
guidelines were established from results such as
trace width, trace height and trace in
differential FPCB. The

parameters such as differential impedance, reflection

space

results for important

coefficient and crosstalk coefficient were discussed.
We expect that the proposed approach is very useful
to optimize and design high-speed serial interface

FPCB interconnects for LVDS applications.
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