INTERNATIONAL JOURNAL OF MATHEMATICAL MODELS AND METHODS IN APPLIED SCIENCES

Analysis of Pre-Emphasis Techniques for
Channels with Higher-Order Transfer Function
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Abstract— A transmitter pre-emphasis techniques to overcome
high-slope losses of printed circuit board (PCB) with higher-order
transfer function used in high-speed serial link design is presented.
The pre-emphasis technique based on pulse-width modulation
(PWM) using timing resolution instead of amplitude resolution to
adjust the filter transfer function is analyzed and applied to channel
with high-order transfer function. Leading-edge digital silicon
manufacturing processes are pushing the maximum swing below 1.0
V and just PWM scheme is a good alternative for these cases. In
addition only one coefficient can be used to set equalizer transfer
function in depending on channel properties. Standard approaches to
transmitter pre-emphasis and novel PWM pre-emphasis are
compared in advanced PCB backplane model.

Keywords— Transmitter pre-emphasis, transfer function, pulse-
width modulation, signal integrity, high-order.

I. INTRODUCTION

HE continuous development of high-speed serial

communication systems leads to finding new solutions to
create a reliable communication between devices that operate
at frequencies above 1 GHz. Mathematical modeling of
dynamic systems include a wide range of scientific areas, such
as in [1]-[4]. In this frequency band it is necessary to
accurately predict signal integrity (SI) problems that cause a
significant reduction in system reliability. These problems in
the design of high-speed serial devices and proposed solutions
are discussed in this paper. Today, all the trends to higher
switching speeds and the voltages provided on supply rails are
going down. One of the biggest problems results from the
commercial requirements is to reduce manufacturing costs.
The cheaper components, packages, and substrates are still
used in modern high-speed systems. In chip to chip
communications, parallel data links require more pins, which
increase the cost of packaging [5], [6]. Therefore, in high-
speed data links, serial communications are replacing parallel
communications rapidly. According to [7] packaging already
represents 25% of the total system cost in some electronic
products. There are many sources of impairments in the
physical channel [8], [9] and just equalization method (often
called pre-emphasis at the transmitter side) is the best solution
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to overcome the significant channel losses. Pre-emphasis
methods found in the literature are commonly based on
Symbol-Spaced Finite Impulse Response (SSFIR) filtering
[10], [11], [12]. In this paper, we describe the application of
PWM pre-emphasis to the equalization of PCB differential
transmission lines. It provides an alternative to FIR pre-
emphasis with advantages in the light of developments in
CMOS scaling. Our area of study is limited to electronic
circuits for high speed serial links over PCB copper
interconnects. To fully understand the factors that limit the
link performance, we first make an introduction to find out
how the communication channel between the two high-speed
link chips degrades the signal. In the next section the
transmission channel environment using a self-designed PCB
evaluation backplane with higher-order transfer function is
analyzed based on the advanced models developed in
MathCAD [15]. The main part of the paper describes the
analysis, implementation and tests both pre-emphasis
techniques to increase the data rate of communication over
copper channels.

II. TRANSMISSION CHANNEL

Prediction of accurate values for insertion loss (S;;) on
printed circuit boards has become ever more critical to SI
modeling as signal speeds required for next-generation
networking equipment move into the 10+ GHz range. In high-
speed data communication over PCB backplane, dielectric
losses, conductor losses and effect of roughness cause inter-
symbol interference (ISI), decreasing the eye opening and thus
limiting achievable data rates.

A. Channel Design Specification

The PCB transmission channels based on FR4 dielectric are
typically characterized by high slopes at frequencies above
1 GHz. The measured frequency response, including the
simple circuit schematic of analyzed PCB backplane is shown
in Fig.1. In most cases, the transfer function (S21) is
monotonically decreasing with increasing channel losses at
higher frequencies. This situation corresponds approximately
with theoretical channel CH2 (BW;4s) analyzed together with
more complicated channel transfer function in section III, see
Fig. 10. Channel losses at the analyzed Nyquist frequency
fu = 2.5 GHz for maximal 5 Gbps data rate corresponds with
20 dB loss for both measured and theoretical channel.
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Fig. 1 Frequency response of analyzed transmission channel with two
differential lines, vias, bga’s and package models are included.

The analyzed backplane environment in Fig. 1 consists of two
differential transmission line pair. In high-speed serial
communication systems these structures are typically
characterized with closely-spaced transmission lines where the
edge-to-edge distances between adjacent lines are about
100 pwm, with the widths of the signal traces also being equal
100 um. Separation distance (SD) between pairs is chosen
deliberately to 130 pum. The conductor widths (W) are
130 um. The advanced model and analyzed backplane consist
of two board traces as can be seen in Fig. 1. The first board
trace is 10 cm long and the second board trace is 30 cm long.
In [13] the PClIe2 analysis is shown and the significant impact
of closely route groups of transmission lines on 3 dB
transmission channel bandwidth (BWags) is clearly
demonstrated. The advanced numerical model has been
developed in ADS2009 environment [14]. For channel losses
modeling the Mathcad environment have been used [15].

The eye diagrams for 2 Gbps data rate and 4 Gbps data rate
are shown in Fig. 2. The complete eye closure at 4 Gbps
(2PAM signaling) is evidently. The losses of the analyzed
channel are approximately 14 dB at the Nyquist frequency fy
= 2 GHz for 4 Gbps, see Fig. 1. The better response for 2
Gbps is shown in Fig. 4b. The losses of the analyzed channel
are approximately 6 dB at the Nyquist frequency of 1 GHz for
2 Gbps, see Fig. 1. If we consider that the 3 dB channel loss
have negligible effect on signal quality, additional 6-dB loss is
sufficient to completely close the eye.
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Fig. 2 Eye diagram analysis for data rates: a) 4 Gbps, b) 2 Gbps.

Note that the 6-dB rule is independent of voltage swing and
frequency. What does depend on frequency is where the 6-dB
loss point actually occurs. It is obvious that the
communication system is reliable only for data rates less than
approximately 3 Gbps.
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For the analysis of higher-order transfer function a simplified
model of transmission path is described in Fig. 3. Multi
gigabit serial link design sometimes requires routing a printed
circuit board (PCB) signal conductor with two different
reference planes. Fig. 3 depicts this situation in which the
propagating signal current jumps from signal layer 1 to signal
layer 2 through the use of an electrical via. Due to two
different reference planes being used on the return path, an
impedance discontinuity arises at the location of the electrical
via. This impedance discontinuity is due to the capacitance
between the power and ground planes that is intended to be
part of the return path. At the location of the via, a
displacement current component will allow the return current
to follow alongside the via until it encounters the power plane,
in which the power plane then carries the return current
alongside the signal current. In addition to the local capacitive
impedance discontinuity occurring from the capacitor that is
connected between the power and ground planes at the
location of the via, parasitic capacitances also occur between
the via and the two reference planes (Cyjn). In this model, the
impedance discontinuity between the power and ground
planes is modeled as a series R-L-C circuit, in which C is the
local capacitance (Cpar), the variable Lpar is the parasitic
inductance associated with the capacitance, and Rppg is the
parasitic resistance of the capacitor.

For a 1000 um thick PCB with power and ground planes
located on the outer surfaces of the PCB, measurements of the
local impedance between these two planes yielded values of
Cpar =400 pF, Lpag = 1.2 nH, and Rpag = 0.8 Q. The parasitic
via capacitances Cyja were also determined to be 0.5 pF. For
smaller separation distances between the power and ground
planes, it is expected that Cp-g would increase in value, while
Lpar and Rpar would both decrease in value. The via
inductance Ly;a was also determined to be 2.4 nH.
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N
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Fig. 3 Equivalent circuit model for transmission channel with higher-
order transfer function.
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This higher-order transfer function for model described above
is shown in Fig. 10. In the first case a transmission line effect
is neglected and does not affect the frequency response of the
system. It is assumed that the load is matched to the
transmission line, so that the only discontinuity that should
appear on the frequency response is due to the signal jumping
between the power and ground planes. As can be seen from
Fig. 10, jumping between power and ground planes causes a
bandpass response with only 400pF of capacitance between
the power and ground planes. In addition, a strong resonance
occurs at about 3GHz. The bandpass result is highly
undesirable since it will cause drooping of the flat-top portion
of the input signal to appear on the output signal. The
resonance is also highly undesirable since it can cause signal
ringing.

B. Channel Losses

Losses that need to be considered by the PCB designer can
be summarized as conductor and dielectric losses. Conductor
losses include DC, skin effect and surface roughness losses.
The trade-off associated with foil roughness and conductor
loss with the requirement for robust packaging-the challenge
is to optimize conductor loss while ensuring good dielectric /
foil adhesion [16], [7]. In [13], [18] is shown that the
dispersive effects of the dielectric material forming a
microstripline can cause reduced transmission bandwidths that
are manifested as reduced received pulse amplitudes for the
pulses propagating down the line. It is obvious that dispersive
effects are almost negligible when conductor heights (h) are
less than about 762 um. The dispersive effects appear to be
much more sensitive to changes in h than to changes in
conductor widths (W). In addition to these undesirable effects,
dispersion can cause reductions in the intended characteristic
impedances of the microstripline. Differential transmission
line can be designed to match the typically 100 Q. This
reduction in the impedance can be as high as about 5 Q up to
10 GHz, which corresponds to a rise time of about 50 ps [13].
Other results in [18] show how dispersion affects the effective
propagation delays. The higher frequencies will propagate
with larger delays than the lower frequencies. The spread in
the effective propagation delays can be mitigated by keeping h
small, as well as keeping W small. The spreading of the
propagation delays is maximized for large h and large W. For
example, the spread in propagation delays for h = 1.524 mm
and W = 0.381 mm is about 2 ps/cm between 1 GHz and 10
GHz. More information can be found in [13], [18], [19].
Existing industry-standard insertion loss estimation techniques
assume that the copper conductors (PCB traces) are smooth,
when in fact they are not. The error thus induced is less
significant at lower speeds, but cannot be ignored at
frequencies above a few GHz. A known defect of the existing
algorithms is that they assume that the copper conductor trace
is perfectly smooth. At typical PCB trace dimensions 75-175
pm wide and 15-35um thick, and at speeds below 1 GHz, the
effect of surface roughness can be neglected. Typically, the
"teeth" on the surface of foils that face the interior of the
laminate (core material) "sandwich" can be up to 8 um in
depth. The surface roughness of the copper layers will have no
effect on current at low frequencies as, at low frequencies, the
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depth of current penetration will exceed the value of h. At
high frequencies, however (i.e., in the GHz region), the skin
effect will be significant. The increase in the conductor loss is

governed by (1) [19].

where o is attenuation for rough surface, ¢ is attenuation for
smooth surface, & is skin depth, 4 is RMS surface roughness .
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The following surface plots show the variation of the
conductive, dielectric and total losses on the geometry of the
coplanar strips at frequency 5 GHz. Differential stripline pair
is analyzed in Fig. 4. Total loss estimation is shown in Fig. 5.
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Fig. 4 The variation of the conductive and dielectric losses on the
geometry of the coplanar strips at frequency 5 GHz.

It is clearly seen that for analyzed backplane the dielectric
losses dominate at higher data rates. The effect of copper
roughness is not included in this analysis. Further analysis is
focused on determining the total channel losses, and the effect
of copper roughness is included.
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Fig. 5 The variation of total losses on the geometry of the
coplanar strips at frequency 5 GHz.
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For our analyzed PCB backplane the total losses may
increase more than 3 dB due to the roughness effect. Just, this
value approximately corresponds to the error achieved
between ADS transmission channel model simulation and
practical measured results at Nyquist frequency fy = 2.5 GHz
for 5 Gbps data rate. As can bee seen in previous chapter this
channel quality reduction can cause total communication
system unreliability. In Fig. 6 the conductor, dielectric and
total losses for frequency variation are shown. There are
clearly seen the crossover frequencies in which the dielectric
losses exceeds the conductive losses. The Fig. 6 highlights
these losses for the case in which W = 130 pm, h = 200 pum,
and the edge-to-edge separation distance is 130 um. For small
edge-to-edge distances of about 130 um, the crossover
frequency is 2 GHz. For larger separation distances of about
500 um, the crossover frequency is much larger.
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Fig. 6 The variation of conductor, dielectric and total losses
versus frequency.

C. Crosstalk Analysis

The analysis describes the differential crosstalk between an
aggressor microstripline circuit and a victim differential
microstripline circuit, as shown in Fig. 7 and Fig. 8,
respectively.
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Fig. 7 The variation of differential crosstalk on the geometry of
the differential microstrip lines.
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It is of interest to predict the impact of tightly or loosely
coupled differential conductors on the crosstalk from other
circuit. With respect to crosstalk, a differential receiver takes
the difference between the crosstalk levels from each of the
two differential signal conductors. The main result from the
simulations in Fig. 7 is that the differential crosstalk is
relatively insensitive to the edge-to-edge spacing between the
two differential conductors. It is obvious that the differential
crosstalk is linearly dependent on coupling length. Solid lines
in both graphs correspond to the proposed PCB backplane
structure. The aggressor distance is varied from 65 pm to 260
pm. The significant differential crosstalk reduction (less than
5 %) can be achieved only for aggressor distance greater than
100 um with consider separation distance value SD = 180 um
for designed evaluation backplane.
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Fig. 8 The variation of differential crosstalk depending on the
aggressor distance

Both varied parameters above can be displayed as a surface
plot in Fig. 9. These three plots show that for differential
microstripline circuits up to 25 cm in length, the separation
distance does not have a significant impact on reducing the
differential crosstalk or better words the linear dependence is
still maintained.

Differential crosstalk o — —
%] —

245~

16.5 |- | I
Separation distance
of differential lines

s

}IR(J um

260 pm

85|14

// =880
630
] 3 =380 Aggressor
Coupling length T 130 distance

[em] [um]

Fig. 9 The variation of differential crosstalk on the geometry of
the coplanar strips at frequency 5 GHz.
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The simulation results show that the variation in the
differential crosstalk is less than 15% for separation distances
up to 260 pum. The crosstalk analysis reflects impact of the
highest frequencies of the disturbing signal since they tend to
couple onto susceptible signals more easily than the lower
frequency. The performance of pre-emphasis techniques
described in the next chapter is strongly dependent on
accurate channel analysis. The evaluation PCB backplane
which is originally realized for 5 Gbps data rate signaling is
insufficient for data rates higher than 3 Gbps. The realized
simulations shows that analyzed channel have 20 dB loss at
Nyquist frequency fy = 2.5 GHz (5 Gbps), see [13]. Practical
measurement results shows 23 dB loss at the same Nyquist
frequency, see Fig. 1.

III. TRANSMITTER PRE-EMPHASIS

Equalization at the transmitter is often called transmitter pre-
emphasis to reflect the effect of the filter operation. Various
types of equalizers are also commercially available [21], [22].
The main purpose of this filter is to provide a high-pass
filtering effect to the signal. In a digital signal, the highest-
frequency content is contained in rapid transitions between
logic states, while low-frequency content is contained in
portions of the signal that do not make transitions.

A. 2-Tap Symbol- Spaced FIR (SSFIR)

Transmitter equalization filter is commonly realized as FIR
filters [23], [24], [25]. The purpose of this operation is to
increase (decrease for de-emphasis, see below) amplitude for
the first bit after a logic transition relative to successive bits.
In Fig. 10, the simulated impulse responses of SSFIR filter for
two types of the transmission line bandwidth are shown. The
standard 2-tap FIR equalized pulse pg(t) is defined by two
coefficients ¢; and C, to denote the values of the first and
second FIR taps, respectively. A god fit to PCB backplane is
obtained by choosing ¢; > 0 and ¢, < 0, while |cy] >|C;|. These
conditions are applicable similarly for transmitter de-emphasis
used in PCI Express. The de-emphasis is comparable
alternative which reflects the fact that the equalization is done
by reducing the amplitude of the repetitive bits in the light of
CMOS processes where actually the maximum voltage swing
is pushing below 1.0 V and just PWM pre-emphasis which
will be present later can be better solution for these
applications. The sum of the absolute values of all tap weights
has to be limited to the value of the supply. Therefore the
maximum signal swing limit (for both pre-emphasis and de-
emphasis, output swing normalized to +1V) places a
constraint on the coefficients settings for an equalizer

according to [6], [8]
e

i

=1. 2)

A theoretical channel (CH1 and CH2) was used to perform
the time domain simulations, see Fig. 10. The losses of the
channels are monotonously increasing and they are
approximately 10 dB at the Nyquist frequency of 2.5 GHz for
first BW3gs setting. The second BWsgs setting reflects the
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theoretical channel designed to have more pre-cursor ISI
where a three-tap filter is usually used and approximately 20
dB loss at the same Nyquist frequency is achieved.

10

[Transmission line effect neglected

T~

CH1 (BWaee = 1 GHz)
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=20 . 'y
‘\
CH2 (BWaas = 0.25 GHz) |~
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Fig. 10 Two theoretical channel responses for different BW;4p
setting and analyzed higher-order transfer function

From the simulated time domain response for two BWsyg
setting is clearly seen that optimal pre-emphasis is different
for each type of transmission channel. Note that for optimal r
parameter settings for each channel the channel output pulse
becomes much narrower than the response to a plain NRZ
pulse (r = 1, d = 100 %). This reduces the ISI contributions
significantly.
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Fig. 11 TX pulse shapes (Ts = 200 ps) of SSFIR filter with
various I parameter settings and simulated channel pulse
responses for two transmission line bandwidth (BWj3gg) settings.
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The coefficients for time domain simulations are rewritten
as €, =1, C; = r-1 with re{0.5...1}, resulting in one
coefficient r that simply controls the shape of the filter
transfer function. Function ps,(t) can be simply formulated as

0 t<0
r 0<t<T
(1) = s (3)
Pw®=1 4 T, <t<2.T,
0 2.T, <t

where I and r-1denote the values of the first and the second
FIR taps, respectively, and Ts represent the symbol duration
(Ts=200 ps).

B. Pulse-Width Modulation Pre-Emphasis (PWMPE)

In Fig. 12, the simulated impulse responses of PWMPE
filter for two type of the transmission line bandwidth are
shown. The PWM pulse shape is similar to Manchester code
for duty-cycle (d) parameter setting to 50 %. A duty-cycle of
100% corresponds to transmission of normal polar NRZ,
compare Fig. 11 and Fig. 13. The optimal duty-cycle setting is
strongly dependent on channel characteristics as well as r
parameter adjustment at SSFIR pre-emphasis filter. However,
it is obvious that the optimal value of both r and d parameters
is similar for the same BW34 setting. Already, this analysis
shows that to achieve the same effect for a pulse ISI
minimization the SSFIR filter must be used with the stronger
pre-emphasis. Note that for the duty-cycle d = 65 %, the
channel (BW34s = 0.25 GHz) output pulse is in practice as
narrow as the FIR pulse where r parameter is set to 0.58. In
this case the ISI has been significantly removed. The PWM
pulse Ppwm (1) is defined as follows, see Fig. 13

0 t<0
1 0<t<d-T
ppwm(t): : (4)
-1 d-T, <t<T,
0 T, <t

where d denotes the duty-cycle (0.5 <d < 1 fits best to PCB
backplane) and T, again represent the symbol duration
(Ts= 200 ps).

It can be seen that the PWMPE is capable of narrowing the
channel pulse response, similar to FIR pre-emphasis. In
practice, PWM duty-cycle d can be adapted to the channel
automatically using return channel communication and control
algorithm. The need for a return channel is a disadvantage
compared to receiver equalization [13], [18] but it is common
among all pre-emphasis approaches [24], [25]. In [23], [26],
[27] the practical results of PWMPE implementation are
shown but only for copper cables. This PWMPE method for
copper cables can achieve a loss compensation of 33 dB at 5
Gb/s, which is the highest figure compared to those found in
literature [26], [27]. None of the pre-emphasis filters that use
2 taps SSFIR offer more than 18 dB higher loss compensation.
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Fig. 12 TX pulse shapes (Ts= 200 ps ) of PWMPE filter with
various duty-cycles settings and simulated channel .pulse
responses for two transmission line bandwidth (BW5gg) settings.

C. Transfer Function Analysis

Another part of the pre-emphasis methods analysis is
focused on calculation of the Power Spectral Density (PSD).
To be able to calculate the frequency transfer functions for
both filters and compare them the stochastic method for
calculation PSD is used. [28]. The SSFIR pulse psr(t) is
defined as in (2) but the pulse is time-shifted according to
Fig. 13b. The transmitter (TX) output swing is normalized to
+1V as can be seen in Fig. 12. The spectrum Py, (f) of the
SSFIR pulse is calculated by taking the Fourier transform of
psir(t) with timing conditions according to Fig. 13b

400 0 Ts
Pi(@) = [ py(0)-edt= [r-edt+[(r-1)-e“dt- )

—Ts 0

The PSDgr by taking (5) and using the formula for PSD of
the stochastic signal [28] to account leads to:

2
Pir(a)) = kTS
PsDF.R(a))=7‘ " | 3 R(K)- @K
k=-o0

2
,i-(r e (1-r)-e " 1)
Jo

k=00

D R(k) -
k=—o0

Ts

Issue 3, Volume 5, 2011 438



INTERNATIONAL JOURNAL OF MATHEMATICAL MODELS AND METHODS IN APPLIED SCIENCES

_9. (r’-r)- (1 - cos(ZaJTs))— cos(wls)+1

6
®*Ts ©

where Pg () is the Fourier transform of pg (t) and R(K) is the
autocorrelation function for a well known polar NRZ
signaling and is completely calculated in [28].

a) PWM PULSE

1
(d-0.5)Ts %

Ts -Ts/2 0 Ts/2 Ts

Time
FIR PULSE
: 0.75

I ci(r)
<

-Ts 0 Ts
Time

I

ci(r-1)

Fig. 13 Definition of pulse shapes for calculating PSD function:
a) PWMPE, b) SSFIR.

The function is graphically illustrated for three different r
values in Fig. 14. Note that the situation with r =1 corresponds
to normal polar NRZ line coding. Note how the spectrum is
shaped for lower r values when low frequencies are more
suppressed then higher frequencies around the Nyquist
frequency (0.5 on the x-axis).

Ts
— =
075T m— =0.75
_es — =() 65
=
O 05Ts
v
o
0.25Ts
.
0
0 0.5 1 1.5 2 25 3

f-Ts
Fig. 14 Power spectral densities for the FIR pulse
Similarly as in the previous case the spectrum of the PWM

pulse is calculated by taking the Fourier transform of ppym (1)
with timing condition according to Fig. 13a:

(@-05)Ts Ts _
I e l'dt + J'—e’J”"dt' ()

“Ts/2 (d-0.5)-Ts

Poun (@) = [ Py (1) -€77dt =
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Now let us calculate the power spectral density PSDpwy for
the PWM filter as
2
P (o) k== )
PSDpyy (@) = 7‘ PW;( ) D R(k)-el™
S K=o

_). 3—2cos(w(d —1)Ts —2cos(wdTs) + cos(wTs) (8)
’Ts
where Py, (@) is the Fourier transform of ppy (t) and R(K) is
the autocorrelation function for a well known polar NRZ
signaling (because R(K) is the same for PWM as for polar
NRZ) and is completely calculated in [24].

This function is shown in Fig. 15. It is obvious that the
spectrum is shaped and moved to higher frequencies. The
spectrum is more boosted at higher frequencies above Nyquist
frequency (0.5 on the axis) approximately for d values from
0.65 or less. It can be important factor for higher performance
to compensate more lossy channels. Now for both presented
pre-emphasis can be calculated the frequency domain transfer
functions. It is important to know how filter transfer function
is capable to fit better channel response for high-speed
signaling. This function is illustrated in Fig. 16 for SSFIR
filter. The several values for r were chosen to show the range
of possible equalizer gains. It is obvious that for the closer r
value (r = 0.5), more low-frequency attenuation the filter
exhibits.

Ts
— =1
m— d=0.75
075Ts — 4=0.65
Z05Ts
o
w
o
025Ts
O L
0 0.5 1 1.5 2 25 3

f-Ts
Fig. 15 Power spectral densities for the PWM pulse.

The frequency transfer function response for FIR filter can
be calculated as follows:

Py (@)
Purz (@)
where Py () is the Fourier transform of psi (t) and Pygz is the

spectrum of normal polar NRZ pulse with defined width T
and height 1 which is known as

Hep(w) = )

'DNRz(f):ésin(a)TS /2)- (10)

The expression for Hgr(w) with taking the modulus yields
into account is defined as
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' cos(Qalg) -1
cos(alg)—1

HF,R(w):\/H(rZ—r) (1n

The expression for Hpyw(®) with taking the modulus yields
into account is defined as

(12)

H oy (@)] = \/2 cos((d ~DTs) +cos(wdTs) -2
cos(wTs)—1

0.01 0.1 1
fTs
Fig. 16 Calculated magnitude of FIR filter transfer function. Note
that fy is at 0.5 on the x-axis.

Comparing the PWMPE and SSFIR transfer functions in
Fig. 16 and Fig. 17 respectively, it can be seen that for low
frequencies both filter exhibit the same behavior. However in
the high frequency (HF) range, at frequencies just below fy,
the PWM filter behaves differently. Due to the time-varying
behavior of the PWM filter, near 2fy the effective gain of the
PWM filter increases to infinity. The PWM filter transfer
function can be seen as a higher order filter with only one
parameter [26].

0.1
f-Ts

Fig. 17 Calculated magnitude of PWM filter transfer function.
Note that fyis at 0.5 on the x-axis.

While both filters have a different slope at fy, their transfer
at fy is equal: both filters leave the amplitude of the fastest data
transitions (‘101010°) unchanged. This is precisely what a
pre-emphasis filter for these channels should do. Ideally, the
equalizer should attenuate all frequencies below fy and leave
the fastest transitions untouched [6]. This is valid for the
channel where attenuation increases monotonically with
frequency, as is shown in Fig. 10. Practical measurement
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show that at frequencies just above 1 GHz the channel losses
are comparable with theoretical channel (BW;34 = 0.25 GHz).

D. Equalized channel transfer function

Two theoretical channels described above are used to
calculate the equalized channel transfer function for the
SSFIR filter and the PWMPE filter, see Fig. 10. The results
for SSFIR filter and PWMPE filter are shown in Fig. 18 and
Fig. 19 respectively. The first theoretical channels (BW3qg = 1
GHz) is analyzed.

_5\“_.

o
; -5
] 20 m 1=0).85
g r=0.75
= 25 r=0.65
0 e 1=().55
=050
- 35
0 0.1 02 03 04 05 06

f-Ts

Fig. 18 Equalized channel transfer function of first theoretical
channel (BW34g = 1GHz). SSFIR filter is used.

The equalized transfer function is calculated by taking the
two theoretical channel responses and multiplying it with
calculated theoretical transfer functions of the pre-emphasis
filters. A bit length Ts = 200 ps corresponds with bit period
for 5 Gbps data rate. The values for r parameter and d
parameter are chosen around the optimal values which can be
analyzed for each channel, see Fig. 11 and Fig. 12. Now the
flatness in the frequency interval [0, fy] is analyzed. Again,
note that fy is at 0.5 on the x-axis. The channel response for
SSFIR pre-emphasis is flat more than 5dB, see Fig. 18, while
the PWMPE response is flat less than within 3 dB, see Fig. 19
for optimal channel r and d parameter setting.

0
-5
@ — 10 —
SESSE
— d=0.85
: -2 d=0.75
= - 25 m— d=0.65
= =0 55
- 30 d=0.50
~35
0 01 02 04 05 06

0.3
fTs

Fig. 19 Equalized channel transfer function of first theoretical
channel (BW;3gs = 1IGHz). PWMPE filter is used.
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The situation for second theoretical channel with higher losses
( BW3gs = 0.25 GHz ) is somewhat different. It is obvious that
for optimal r parameter setting r = 0.58 in the case of SSFIR
filter the curve flatness is still increasing to approximately
8 dB, see Fig. 20. The equalized channel by PWMPE filter has
still similar flatness as in the previous case for optimal d
parameter setting d = 0.65 (65%), see Fig. 21. For shorter
PCB backplane lengths the responses become flatter because
the smaller losses must be compensated. For PCB backplane
with higher losses the increasing curve flatness indicates
insufficient compensation leading to complete eye closure for
high-speed signaling.

r=0.73
e 1=0.65

|Hrireauac (f)] [dB]

0 0.1 02 03 0.4 0.5 0.6
f-Ts

Fig. 20 Equalized channel transfer function of first theoretical
channel (BW;gg = 0.25 GHz). SSFIR filter is used.

This situation can be seen in the previous equalized
channel transfer functions where e.g. for less lossy channel the
strong pre-emphasis can cause more curve flatness in the
frequency interval [0, fy]. Reversely, for more lossy channel
the still increasing curve flatness for the closer r or d value
indicates the pre-emphasis insufficiency to overcome the
increasing channel losses.

w— 0=0.73
o d=0.65
e (4=0.58
@ _1s  (=0.52
= d=0.50
:;.' -20 —
ng _25/_ —
= 30
- 35
0.1 0.2 0.4 0.5 0.6

0.3
f-Ts
Fig. 21 Equalized channel transfer function of first theoretical
channel (BW34g = 0.25 GHz). PWMPE filter is used.
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Similarly, the equalized transfer function of channel with
higher-order transfer function was performed. The decisive
factor for the performance of the proposed equalizer is how
the overall swing is reduced in order to achieve the reduction
in  minimum-to-maximum loss for the system. This
“flattening” of the magnitude of the frequency response
described above is a good qualitative way to view the benefit
of equalization. In the first case the SSFIR filter is analyzed,
see Fig. 22. The reduction in the loss variation (note that our
maximum loss is at Nyquist frequeny 2.5 GHz) in our
example approximately triples the frequency at which the eye
closes completely from 0.5 to 1.5 GHz.

—101

[Herea(f)| [dB]

0 0.1 0.2 03 0.4 05 0.6
f-Ts

Fig. 22 Equalized channel with high-order transfer function
(CH3). SSFIR filter is used.

In the case of PWMPE filter the total variation in the loss
decreased from —6 dB to —20 dB for the maximum (strong)
pre-emphasis effect (d = 0.50), see Fig. 23. The reduction in
the loss variation in our example allows to shift the frequency
at which the eye closes completely from 0.5 to 2.5 GHz. It is
obviously that this reduction will allow us to extract more
performance from the system by running at a substantially
higher data rate up to 5 Gbps.

- 10 I
1 d=0.70
-15 d>=0.60
. 2 ds=0.58
@ 5 ds=0.55
— ds= 0.50
S -25
=
= -30
5
-35 \
— 40
0 0.1 0.2 0.3 0.4 0.5 0.6

f-Ts

Fig. 23 Equalized channel with high-order transfer function
(CH3). PWMPE filter is used.
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E. Eye Diagram performance

The effect of adjusting the d parameter of the PWMPE filter
and r parameter of the SSFIR filter can be seen in Fig. 24 and
Fig. 25, respectively. The left and right edges in the eye
diagrams correspond to the symbol edges. It can be seen that
the best eye response is for optimum d parameter and r
parameter setting (BW345 = 1GHz), see Fig. 11 and Fig. 12.
Both under-emphasis and over-emphasis are also shown.

CHANNEL RESPONSE

TRANSMITTER OUTPUT 1.3
0.9
o
“§
04

001 i &
Ta (Symbol Periods)

Voltage [V]
Voltage [V]

T, (Symbol Periods)

“ } Voltage [V]

085 135 16

0% 11
T. (Symbol Periods) Ts (Symbol Periods)

Fig. 24 Simulated transmitter eyes and channel response for
transmitter settings at 5 Gb/s; first case: optimal pre-emphasis
(75 %) , second case: strong pre-emphasis (60 %).

CHANNEL RESPONSE

TRANSMITTER OUTPUT

. Voliage [v]
Voltage

0% 0
Ts (Symbol Periods) T (Symbol Periods)

. Volge V]
Voltage [V]

05 07
s (8ymbol Periods) s (Symbol Periods)

s (Symbol Periods)

Voltage [V]
) Voltage [V

T (Symbol Periods)

Fig. 25 Simulated transmitter eyes and channel response for
transmitter settings at 5 Gb/s; first case: no pre-emphasis
(100 %), second case: optimal pre-emphasis (73 %), third case:
strong pre-emphasis (60 %). Horizontal axis = 50 ps/div, vertical
axis = 300 mV/div.
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Note that the time scale is the same for all eyes. The pre-
emphasis leaves the fastest pattern unchanged while it
attenuates the slower transitions. Note the better eye opening
for PWM bit stream than for FIR pulses at the same
conditions. The eye height is approximately the same for both
filters up to ~20 dB PCB loss at fy = 2.5 GHz. After that, the
eye of the 2-tap SSFIR is completely closed and PWMPE still
has an open eye, up to ~26dB.

The optimum value of pre-emphasis is the crossover point
between the two plots, as it provides a trade-off between the
value of eye height and eye width (blue line), see Fig. 26 for
PWMPE and Fig. 27 for SSFIR. The optimum PWMPE level
for transmission channel with 25 dB loss at Nyquist frequency
fv=2.5 GHz is thus found to be around d = 55%.

0.10 1.4E-10

% Omf L12E10 %

H

E,’ 0.06- 3 5

0 1 ~1.0E-10 .

o 0.04- | 0
0.02+————+———+—————F8.0E-11

0 2 4 6 8 10
Duty cycle [%]
Fig. 26 Determination of the optimal PWMPE level for

transmission channel with 25 dB loss at Nyquist frequency fy =
2.5 GHz.

The SSFIR filter is insufficient for channel with 25 dB loss
at the same Nyquist frequency. Details for this analysis can be
found in [13]. Note that value on x-axis is multiplied by 10.
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% 0ol 240 §
o | | g
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0.00+—L 8 0E-11

0 2 4 6 8 10

r[%]
Fig. 27 Determination of the optimal PWMPE level for
transmission .channel with 25 dB loss at Nyquist frequency
fN =2.5 GHz.

IV. MEASURED RESULTS

To evaluate the performance of both pre-emphasis techniques
the backplane prototype was created. Two types of backplanes
are compared. The First backplane represents the channel with
small losses and without impedance discontinuities
comparable with channel response CHI in Fig. 10. The
second channel represents the more lossy channel comparable
to CH2 in Fig. 10 with failure in the ground layer and closely-
spaced transmission lines (cross-talk effect). The measured
output eyes for both channel is shown in Fig. 28.
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Fig. 28 Measured eyes of channel responses at 3.125 Gb/s for two
type of transmission channels; left: transmitter .output and
channel output (channel without failure); .right: transmitter output
and channel output (channel .with failure).

In Fig. 29 measured output eyes for two values of
pre-emphasis is shown. Inadvertent value of pre-emphasis
may cause further eye closing and the channel output response
can be degraded more than channel response with
pre-emphasis disabled. The maximum data rate is 3.125 Gbps.

Fig. 29 Measured eyes of channel responses of transmission channel
(channel with failure) at 3.125 Gb/s; left: transmitter output for
optimal pre-emphasis SSFIR (67%) setting and channel output, right:
transmitter output for strong pre-emphasis SSFIR (57%) setting and
channel output.

V. CONCLUSIONS

A new digital pre-emphasis technique based on pulse-width
modulation (PWM) is introduced. In the first part of the paper,
advanced modeling of channel losses is described in brief. It is
obvious that channel losses can be predicted with sufficient
accuracy. The PWM method does not tune the pulse
amplitude (as for FIR pre-emphasis), but instead exploits
timing resolution. This fits well for today and the future low
voltage high-speed CMOS processes. Using a theoretical
channel with differential transmission line, successful
transmission of a 2-PAM 5 Gbps data signal over the channel
with 25 dB is demonstrated. From advanced theoretical
analysis it can be concluded that the pre-emphasis is capable
to compensate enough channel loss to enable error free
transmission at 5 Gbps. The available data rate for practical
results is 3.125 Gbps. It corresponds to a 14 dB loss
compensation at the fundamental frequency fy = 1.56 GHz.
The highest figure compared to literature on 2-tap FIR pre-
empbhasis filters is about 18 dB loss. The PWM pre-emphasis
filter can be adjusted to the PCB backplane using only a single
coefficient (the duty cycle). A 5-tap FIR filter in [10] reaches
30 dB but only at 3.125 Gbps. More taps can offer higher loss
compensation but their cost of increasing complexity, possibly
causing accuracy and speed issues.
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For more complex channel transfer function the better
results with PWM pre-emphasis are achieved. It is obvious
that PWM pre-emphasis is able to equalized channel of 4"
order transfer function with 20 dB loss at Nyquist frequency
2.5 GHz. Other results show that the FIR pre-emphasis
method is more suitable to compensate the channel with 1%
order transfer function. For more complex channel transfer
function it is necessary to use FIR filter with more taps. The
mathematical modeling of transmission lines via
numerical methods for the solution of hyperbolic partial
differential equations, based on finite differences can be found
in [29]. Further research will focus on more detailed analysis
of PWMPE filter in practical measurement.
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