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Abstract—A design methodology has been proposed to reduce the 
undesired channel effects including both the high frequency loss 
and the resonance coupled from power/ground planes. FIR pre-
emphasis filter was used, and the optimization of the filter has 
been conducted in frequency domain. The effect of the designed 
pre-emphasis filter is also verified by time-domain simulations of 
2Gbps eye pattern. The signal distortion by undesired channel 
effect is significantly mitigated with applying the pre-emphasis 
filter. 
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I.  INTRODUCTION 
In high-speed digital system with multi-gigabit serial 

interfaces, PCI Express, Serial ATA, FiberChannel, XAUI, etc, 
the major factor limiting performance is the frequency-
dependent attenuation of the transmission line. The most 
dominant limit of copper interconnect is loss [1]. Channel loss 
results from two kinds of losses; dielectric loss and conductor 
loss. Dielectric loss is the loss of current by the leakage from 
signal line to ground through dielectric substrate, and the 
conductor loss results from finite conductance value of the 
conductor of the signal trace. The losses reduce the 
high-frequency component of the signal, and cause significant 
inter-symbol interference (ISI) [2]. ISI is caused by channel 
impairments such as amplitude attenuation and group-delay 
distortion. To counteract ISI due to channel loss, both pre-
emphasis at transmit side and equalizer at receive side are often 
used and a variety of techniques have been reported recently 
[3]. For pre-emphasis at the transmit side, a finite impulse 
response (FIR) filter is a widely used technique in industry to 
reduce ISI [4]. FIR filter pre-emphasis mitigates the low-pass 
filtering effect of the transmission channel by applying an 
inverse filter technique to obtain a total response that is flat in 
the magnitude and linear in the phase to a high frequency.  

In addition to the channel loss, resonances may occur in a 
high speed channel. When a signal trace changes layers with a 
via transition, the return path of the signal current is broken by 
a reference change unless both planes are at the same potential 
and bonded together. The path of high frequency return current 
is completed by displacement current, and the displacement 

current flows through the impedance between the pair of planes 
[5]. Usually the impedance between planes is very high at 
certain frequencies, at which resonances occur in the planes. 
Consequently, the signal along the trace is degraded at the 
resonant frequencies and ISI is caused by the channel 
impairments. In this paper, a design methodology is proposed 
to compensate both undesired channel effects. We employed a 
FIR filter for pre-emphasis to compensate the channel 
resonance by the reference change as well as the channel loss. 
Also, the method is based on frequency domain optimization of 
the FIR pre-emphasis filter, whereas, previously, the 
optimization of the FIR filter has been conducted from training 
data in time domain. The frequency domain optimization of 
equalization not only allows the decreased simulation time, but 
also provides significant information for systematic analysis 
and effective future improvement.  

II. UNDESIRED CHANNEL EFFECTS – LOSS AND 
RESONANCE 

Nowadays, multi-gigabit signals are transmitted between 
transmitter and receiver through long channel. The most 
significant effect, which degrades the signal integrity, mainly 
comes from the unwanted parasitic loss and capacitance in the 
channel [1]. The loss components didn’t affect signal integrity 
seriously when the frequency was much less than a single 
gigabit per second. However, as the operation frequency 
becomes gigabit range, the loss effects limit the bandwidth of 
the high-frequency gain resulting in distortion of the signal. 
Generally, the channel loss results from two kinds of losses; 
dielectric loss ‘ad’ and conductor loss ‘ac’. Dielectric loss is the 
loss of current by the leakage from signal line to ground 
through dielectric substrate. As every dielectric material has its 
loss tangent (tan δ), and the dielectric loss is dependent on the 
value of loss tangent. The dielectric loss is expressed by the 
combination of frequency, permittivity, permeability, and loss 
tangent as shown in (1). The dielectric loss is proportional to 
the frequency. For the conductor loss, it results from finite 
conductance value of the conductor which is used for a signal 
line. Even though the conductance is considered fixed over the 
frequency up to multi-gigahertz range, conductor loss is 
affected by the frequency. As frequency goes higher, the signal 
can propagate through the conductor within limited depth – 

1-4244-0293-X/06/$20.00 (c)2006 IEEE 721



skin depth. For example, 1 GHz signal can propagate through 
the conductor line within 2 µm depth. The conductor loss in the 
microstrip structure is also expressed in (1). The conductor loss 
is proportional to the root square of the frequency.  
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Figure 1.  Undesired channel effects (a) frequency dependent channel loss (b) 
resonance coupled from reference planes. 

If we investigate the dielectric loss and conductor loss, both 
of them are dependent on the frequency. The higher the 
frequency of the signal is, the more magnitude of the signal 
they degrade. As a result, these dielectric loss and conductor 
loss has a low pass filter characteristic, which will result in 
distortion of the broad band digital data waveform over Gbps 

[2]. Fig. 1 (a) shows the measured S21 parameter through a long 
microstrip line. 

Another undesired channel effect is caused by the reference 
change of a signal trace. When a signal trace changes layers 
with a via transition, the return path of the signal current is 
broken by a reference change unless both planes are at the 
same potential and bonded together. The path of high 
frequency return current is completed by displacement current, 
and the displacement current flows through the impedance 
between the pair of planes. The broken return current path can 
be simply modeled as impedance between the planes at the 
location of reference change [5]. The impedance is added to the 
transmission line of the signal trace. The impedance between a 
pair of planes is very high at resonant frequencies, which is 
determined by the geometry of the planes in (2). Consequently, 
the signal integrity in the trace which change layers the planes 
significantly degrades at the resonant frequencies. The 
measured S21 parameter along a signal trace with reference 
change is depicted in Fig. 1 (b). It is noticed that the insertion 
loss is quite high at the resonant frequencies. As a result, the 
losses and resonance reduce some component of the signal, and 
cause significant ISI. ISI is caused by amplitude attenuation 
and group-delay distortion. 
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, where (m, n) represents the mode number at a resonant 
frequency in a pair of rectangular planes with size of a× b.  

III. OPTIMIZAITON OF PRE-EMPHASIS FILTER IN 
FREQUENCY DOMAIN 

 

 

Figure 2.  Concept of a pre-emphasis filter. The target is to make overall 
characteristics of the channel to have flat magnitude and linear phase. 

In this section, a design methodology is proposed in 
frequency domain to reduce the undesired channel effects 
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including both the high frequency loss and the resonance 
coupled from power/ground planes. The method is based on the 
pre-emphasis circuit design which is commonly utilized to 
compensate the high frequency loss [1-4]. The concept of the 
pre-emphasis circuit is illustrated in Fig. 2. The pre-emphasis 
circuit is a kind of active filter which has inverse characteristics 
of the channel characteristics. Typical pre-emphasis filter has 
higher gain at higher frequency because the usual channel is 
lossier at the higher frequency. The target of the pre-emphasis 
circuit is to make overall characteristics of the channel to have 
flat magnitude and constant group delay (linear phase), as 
shown in Fig. 2.  

There are several types of pre-emphasis circuits, one of 
which is FIR pre-emphasis filter. FIR filter design is a popular 
design method, based on the discrete time signal processing [6]. 
Fig. 3 depicts a type of FIR filter. Basically, the FIR filter 
consists of conventional driver circuit and additional driver 
circuits (post-taps and pre-taps) which play a key role of the 
filtering. The additional driver has negative polarity usually, 
and is delayed or advanced by multiple of 1-bit duration from 
the original driver circuit. The signals in the pre-taps are the 
early signals which arrive before the main signal, whereas the 
signals in the post-taps are the late signals. The output signal of 
the FIR pre-emphasis filter is represented as (3), and then the 
frequency response of the filter can be derived as equations (4). 

 

 

Figure 3.  FIR pre-emphasis filter with N pre-taps and N post-taps  
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Both the real and imaginary parts of the frequency 
response are represented with the tap coefficients and the delay 

time (An, Bn, and Td), which means that both parts of the filter 
response can be adjusted by controlling the tap coefficients and 
the delay time. The unit of the delay time is defined as 1 unit 
interval (UI) in the conventional FIR filter. However, it doesn’t 
have to be 1 UI in improving the high speed digital 
interconnection. Other delay time longer or shorter time than 
1UI can be the optimum in the pre-emphasis circuit. In 
addition, if the coefficient in a pre-tap is same as that in a post-
tap (An and Bn), the phase of filter response is zero and the filter 
has constant group delay. Constant group delay is important in 
signal integrity not to distort the signal waveform. 

Using the equations for the frequency response of the pre-
emphasis circuit, we have built the design flow to compensate 
any undesired channel effects. Previously, the optimization of 
pre-emphasis circuit has been conducted from training data by 
least-mean-square method. The optimum values of tap 
coefficients were found in time domain using MATLAB [4]. 
However, the proposed design procedure is based on the 
frequency domain analysis, in which pre-emphasis filter can be 
optimized only from frequency response of the channel. The 
frequency domain optimization not only allows the decreased 
simulation time, but also provides significant information for 
systematic analysis and effective future improvement. The 
design flow is presented in Fig. 4. First, frequency response of 
the channel, which needs to be improved, is obtained from 
frequency domain measurement or simulation. The data are 
such as S-parameter results. Second, the target response of the 
pre-emphasis circuit ‘Htarget(f)’ is determined from the 
frequency response of the channel. It would be the inverse of 
the channel response. Next, the tap-coefficients and delay time 
(An, Bn, and Td) is decided by fitting (4) to the target filter 
response ‘Htarget(f)’. The delay time is inferred from the target 
frequency region of the compensation, and details in the filter 
response are adjusted by controlling the tap-coefficients. The 
final step of the design is to implement the FIR pre-emphasis 
filter with an actual circuitry. 

 

 

Figure 4.  Proposed optimization method of pre-emphais filter in frequency 
domain 
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IV. COMPENSATION OF UNDESIRED CHANNEL EFFECTS BY 
USING PROPOSED PRE-EMPHASIS FILTER 

To compensate the undesired channel effects using the 
proposed design method, the target response of the pre-
emphasis circuit should be determined. The target response of 
the pre-emphasis is obtained from S21 parameter of the channel. 
The S21 parameter of an ideal channel is supposed to have 
constant magnitude and linear phase. Therefore, the phase of 
S21 approximates to a linear equation of frequency, and then the 
discrepancy between the two is the non-ideal part in the phase 
and it should be compensated. The phase of S21 in the test 
vehicle of Fig. 1 (a) is approximately the linear equation 
( f1010201 −×− ). So, the pre-emphasis filter has to make the 
phase of S21 divided by the linear equation to be zero. As a 
result, the target response of pre-emphasis filter ‘H(f)’ is given 
by (5). It is the inverse of the channel S21 parameter divided by 
the approximate linear-phase equation. 

     
)/(

1)( 1010201
21

target fjeS
fH −×−

=  (5) 

 

Next, the real part and imaginary part of the target response 
(5) are scaled, and both of them are fitted by the frequency 
response of the pre-emphasis circuit (4). In the fitting process, 
the target frequency range for pre-emphasis should be decided 
first. For example, most energy is confined below 1GHz for 
2Gbps PRBS signal, and the target range should be DC~1GHz. 
The final delay time and tap-coefficients (An, and Bn) was 
found in (6) for the channel with high frequency loss. The 
delay time is decided to be 500ps and a pre-tap and a post-tap 
are necessary with the relative strength of -0.15, respectively. 
The final designed FIR pre-emphasis filter is depicted in Fig. 5 
(a). The scaled target response and the response of the designed 
pre-emphasis filter are plotted together in Fig. 5 (b). 

 

 
Figure 5.  (a) Designed FIR pre-emphasis filter to compensate high-
frequency loss (b) Scaled target response (solid line) and the response of the 
designed pre-emphasis filter (dotted line).  
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Figure 6.  (a) Designed FIR pre-emphasis filter to compensate high-
frequency loss (b) Scaled target response (solid line) and the response of the 
designed pre-emphasis filter (dotted line).  

To verify the effect of pre-emphasis circuit, we performed 
time-domain simulations. We simulated 2 Gbps eye patterns 
for pseudo random bit sequence (PRBS) with rise time of 
100ps. The received waveform after the channel was simulated, 
and the results are plotted in Fig. 6. The original system 
without pre-emphasis has 1.2V of center eye opening. When 
the designed pre-emphasis filter is applied, the eye opening 
was increased to more than 1.5V.  

For another case of Fig. 1 (b) with channel resonance 
coupled from reference planes, the pre-emphasis filter is 
designed by means of the same process as that for the case of 
Fig. 1 (a). The phase of S21 approximates to a linear equation of 
frequency ( f10105.30 −×− ), and the target response of pre-
emphasis filter ‘H(f)’ is given by (7). For the target frequency 
range of DC~1GHz, the delay time and tap-coefficients (An, 
and Bn) was decided in (8) in the same way. Even though the 
target frequency range is same as the case of Fig. 1 (a), the 
delay time is different. It is decided to be 750ps to compensate 
the channel resonance at 670MHz. It has also been found that 
only one post-tap is necessary with the relative strength of -
0.05, as shown in Fig. 7 (a). Fig. 7 (b) shows the scaled target 
response and the response of the designed pre-emphasis filter. 
From the simulation of 2Gbps PRBS eye-diagram, it has been 
found the signal distortion by channel resonance is also 
mitigated with applying the designed pre-emphasis circuit. 
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Figure 7.  Simultaed eye-diagrams of 2Gbps PRBS through a lossy channel 
(a) without the pre-emphasis filter (b) with applying the pre-emphasis filter 
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Figure 8.  (a) Designed FIR pre-emphasis filter to compensate resonances 
coupled from reference planes (b) Scaled target response (solid line) and the 
response of the designed pre-emphasis filter (dotted line).  

The designed pre-emphasis filter has been realized using 
current mode logic (CML) driver. The overall circuit structure 
is illustrated in Fig. 8. It consists of circuit blocks of the 
voltage controlled delay line (VCDL), full-swing buffer, 
pre/post taps, and the main driver. The delay time between taps 
is controlled by control voltage ‘Vctrl’ of VCDL. Seven 
differential buffers convert the small swing signals to full 
swing signals. Also, the strength of each pre-tap and post tap is 
adjusted with variable current source with 3 bit digital to 
analog converter (DAC). 

 

Figure 9.  Circuit structure of FIR pre-emphasis filter using CML drivers 

V. CONCLUSION 
A design methodology has been proposed to reduce the 

undesired channel effects including both the high frequency 
loss and the resonance coupled from power/ground planes. FIR 
pre-emphasis filter was used for compensation of the undesired 
channel effects, and the optimization of the filter has been 
conducted in frequency domain. We have verified the effect of 
the designed pre-emphasis filter by time-domain simulations of 
2Gbps eye pattern. It has been found the signal distortion by 
undesired channel effect is significantly mitigated with 
applying the pre-emphasis filter. The designed pre-emphasis 
filter has been realized using current mode logic (CML) drivers. 
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