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Abstract— A distributed transversal filter (DTF) is a good
candidate for adaptive processing of ultrafast pulses in wideband
systems. In this study, we investigate DTFs for sub-nanosecond
pulse shaping and synthesis using standard CMOS technologies.
A 5-tap DTF was designed using LC artificial transmission
lines. A pulse synthesis algorithm was developed for DTFs. A
prototype was fabricated using a standard ������ digital CMOS
technology. It successfully demonstrated the sub-nanosecond
pulse shaping and synthesis capabilities.

I. INTRODUCTION

Ultrafast pulse processing is important in wireline com-
munications, high-speed instrumentation, and radar systems
for functions such as pre-emphasis, equalization, and signal
conditioning. For example, pulse shaping is required to tailor
the laser drive pulse to a wide variety of target waveforms
in our OMEGA laser system for laser-driven inertial-confined
fusion experiments [1]. Recently, UWB communications has
generated more interests in sub-nanosecond pulse generation
and processing [3][4]. However, it is challenging to design a
pulse shaping circuit that can achieve a large bandwidth under
stringent spectral/temporal constraints. Further, it is highly
desirable for the pulse shaping circuit to be reconfigurable
so that we can (adaptively) change the spectrum/waveform
according to varied target pulses like in the OMEGA system,
or changing environment such as antenna characteristics and
spectrum allocation for a UWB system [5]. Ideally, we want to
implement such a pulse shaping circuit using standard CMOS
technologies, because of their potential for integration with
digital signal processing (DSP) circuitry and low cost.

Our goal in this study is to realize the pulse shaping func-
tion by waveform synthesis using a reconfigurable distributed
transversal filter (DTF) using CMOS technologies.

II. DISTRIBUTED TRANSVERSAL FILTER

In a conventional digital transversal finite impulse response
(FIR) filter, the input signal propagates along a delay line,
which can be constructed using a shift register or memory.
The signal and its delayed versions are tapped along the delay
line, multiplied by weight coefficients, and then summed to
generate the output. Thus, this architecture is referred to as a
tapped-delay-line structure. The maximum data rate of digital
FIR filters is limited by the clock speed, power consumption,
and circuit complexity.

Distributed circuits such as traveling-wave amplifiers [6]
are widely used in microwave monolithic integrated circuits
(MMIC) because of their unique wideband characteristics.
Fig. 1 shows an integrated transversal filter [7][8][9] using a

Fig. 1. A distributed transversal filter.

distributed architecture. It can be viewed as a traveling-wave
amplifier operating in the reverse-gain mode. The input signal
travels along the input transmission lines (gate-line), and is
tapped by each gain stage in sequence (from left to right in
Fig. 1). The tapped signal is amplified by each gain cell by a
gain proportional to the filter coefficient, and the output signals
from all cells are power-combined on the output transmission
lines (drain-line). The loaded transmission lines also act as
delay elements. The time domain description of the circuit is
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Correspondingly, the frequency response is given by
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where �� is the tap gain, and ���, ��� the tap delay from
the input and output transmission lines. The delay between
adjacent cells consists of that from both the input and output
transmission lines, i.e., �� � �������, which sets the temporal
resolution of the output pulse. This delay can be in the range
of picosecond by the transmission lines design. Therefore, a
DTF can be used as an sub-nanosecond arbitrary waveform
generator.

Compared to conventional digital FIR filters, a DTF has
some distinctive advantages: 1) it can achieve much larger
bandwidth because its bandwidth is only limited by the cut-
off frequency and loss of the loaded transmission lines. This
corresponds to ultrafast rise and fall time for pulses; 2) the
filter coefficients can be easily and independently controlled
by the gain of each gain cell, as shown in the circuit design part
below, and thus it is inherently reconfigurable; 3) the delay be-
tween taps is not limited by the system clock cycle, and hence
provide the design freedom in the pulse temporal resolution;
4) the power consumption can potentially be much lower since
there is no power-hungry high-speed digital circuits.
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Fig. 2. Circuit schematic. (a) 5-tap DTF ; (b) gain cell.

Recent research demonstrated that such a distributed
transversal filter can be successfully used as an equalizer to
combat fiber dispersion in high-speed fiber-optic systems [10].
Therefore, it is very attractive to further study this architecture
in the pulse shaping applications in wideband systems such as
UWB.

III. CIRCUIT DESIGN

The detailed schematic of a DTF is shown in Fig. 2-a. It
consists of a number of gain cells coupled between two LC
artificial transmission lines. The total delay is determined by
the target pulse width, and the delay per stage is set by the
pulse temporal resolution. In this design, the delay is specified
as 50 ps/tap, and 200 ps in total, which means the number of
stages is 5.

In order to achieve a large time delay like 200 ps on-
chip, we choose artificial transmission lines constructed by
LC ladder structures, which use less chip area compared to
micro-strip lines or coplanar waveguides. The inductors are
spiral inductors built with the top metal layer, and extra loading
capacitors are added to achieve the required delay. The cut-off
frequency of both loaded transmission lines are designed to be
larger than the specified 3-dB bandwidth of the filter, which is
7GHz. Note that the cut-off frequency and delay are closely
related to each other since both are determined by the loaded
transmission lines. In fact, we can trade bandwidth for delay,
and vice versa. Another constraint on the LC transmission
lines is their characteristic impedance (��). In this design, ��

is specified to be 50 � within the passband. M-derived sections
are added to improve the impedance matching at both ends of
the transmission lines.

The gain cell is a two-stage amplifier with internal matching
(Fig. 2-b). The first stage is a common-source amplifier, which
serves as a buffer for the second stage in order to reduce the
signal attenuation on the gate-line and achieve the required
bandwidth. Transistors �� and �� form a cascode amplifier,
which has a relatively high output impedance, and thus good
for reducing the loss on the drain line. The gain of each gain
cell can be adjusted independently by tuning the bias current

source of the cascode amplifier, ��, using a current mirror. In
order to maintain the bandwidth, the high output impedance of
the common-source buffer has to be separated from the large
input capacitance of ��. This is done by inserting an internal
matching network, consisting of inductors �� ,�� and resistor
��. All capacitors (���, ��� and ���) are by-pass capacitors.

The spiral inductors and interconnect are simulated in an
electromagnetic simulator, Sonnet, to find the wideband s-
parameters. ADS is used for circuit simulation, and Cadence
for chip layout.

IV. PULSE SYNTHESIS ALGORITHM

The algorithm for pulse synthesis has been developed for
DTFs. In the time domain, the output waveform is a weighted
sum of delayed narrow pulses generated by each gain cell
(Eq. 1). Since pulse amplitude can be tuned independently, the
pulse responses from all taps with maximum peak amplitudes
form a set of basis functions, denoted as ������ ������ 			� �� ���.
Let the target waveform be described by function 
���, and
the delay per tap � . For the first � seconds of 
���, only the
pulse response of the first tap is available at the output. So the
scaling factor for basis function ����� can be easily determined
by correlating the target waveform and the basis function
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Considering that the pulse responses of adjacent taps usually
overlap, a new target waveform for the remaining taps is given
by
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The effect of the first tap pulse response has been subtracted
from the target waveform. Similarly, the scaling factor is
determined by
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The remaining scaling factors can be calculated by following
this procedure,
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Fig. 3. Simulated waveforms. (a) square pulse; (b) Gaussian pulses.
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After several iterations, the scaling factors ��� ��� ���� �� for all
the taps can be determined. Fig. 3 shows square and Gaussian
pulses1 constructed using the prototype DTF in simulation.
These pulses are chosen as representative ones since square
waveforms are essential in wireline communications, and
Gaussian pulses are widely used in UWB systems. The input
is an ideal Gaussian pulse with a ��� of 40 ps, similar to the
one used in the measurement below. The synthesized square
pulse has a rise time of 70 ps, and pulse width 260 ps, while
Gaussian pulses have ��� of 60 ps and 100 ps.

V. MEASUREMENT RESULTS

The prototype DTF was fabricated in National Semicon-
ductor’s ������ epi CMOS technology with a low-resistivity
substrate. The chip occupies 1.92 mm by 0.95 mm (Fig. 4).
The power supply voltage is 2 V.

The prototype DTF is characterized in both the frequency
and time domain via on-wafer probing. The frequency re-
sponse of each tap is shown in Fig. 5. The low frequency

1Gaussian pulse can be described as ���� � ��������������� , where �
is the amplitude and ��� is the pulse shape parameter

Fig. 4. Chip micrograph of the 5-tap prototype DTF.

Fig. 5. Frequency response of each tap in the prototype DTF.
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Fig. 6. Pulse response of each tap in the prototype DTF.
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Fig. 8. Measured waveforms synthesized using the prototype DTF. (a) square
pulse; (b) Gaussian pulses.

response matches with design, while the high frequency part
(�1 GHz) shows larger attenuation and faster roll-off due to
inaccurate modeling of loss in on-chip inductors and extra
loading capacitors. Impulse response of each tap (Fig. 6)
is measured using a Picosecond Pulse Labs 4500E pulse
generator with 5210 impulse generator, which is very close
to a Gaussian pulse with a ��� of 40 ps. The interstage
delays are measured at the middle point of the rising edge,
which are 44.6 ps, 47.3 ps, 46.7 ps, 44.1 ps. This shows a
good match with the design value of 50 ps. The delays also
have good uniformity for all five taps, which is an obvious
advantage of integrated circuit solutions compared to discrete
implementations.

The gain control of each tap is shown in Fig. 7, which is
tuned by changing �� through a current mirror in each cell.
The curves are plotted in log-log scales to better show the
linearity across the dynamic range of 8-10 dB. The tuning
curves show some nonlinearity for higher value bias current
because of the gain saturation. This relation between pulse
amplitude and bias current is then used in the pulse synthesis
to correct this nonlinear effect.

Some example waveforms are constructed in measurement

using our pulse synthesis algorithm, as shown in Fig. 8. The
filter can adequately synthesize a square waveform with 80 ps
rise time and 380 ps pulse width (FWHM) in Fig. 8-a. The
total power consumption in this case is 95 mW. In Fig. 8-b,
the synthesized Gaussian pulse has a ��� of 75 ps. Here the
filter consumes 84 mW. Both are quite close to the simulation
results shown above.

VI. CONCLUSION

We have designed a 5-tap distributed transversal filter (DTF)
using a ������ standard digital CMOS technology. The time-
domain measurement results demonstrate its capability in sub-
nanosecond pulse synthesis, potentially for UWB applications.
We expect to further improve the performance with better
device modeling.
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