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Abstract— A distributed transversal filter (DTF) is a good
candidate for ultrafast pulse shaping in wideband systems like
UWB. This paper presents the circuit analysis of DTFs based on
transmission line theory. We also show the detailed design proce-
dure of DTFs. A 5-tap prototype DTF is designed and fabricated
using microwave PCB substrate and pHEMT discrete transistors.
Simulation and initial measurement results demonstrate its pulse
shaping capability.

I. INTRODUCTION

Ultrafast pulse shaping is important in many applications.
For example, in wireline communications, pre-emphasis and
equalization are used to modify the signal waveform in order
to combat dispersion due to bandwidth limitation. Recently,
ultra-wideband (UWB) communications has generated new
interests in sub-nanosecond pulse generation and processing.
In a high-rate, direct-sequence UWB transceiver [1] or a low-
rate impulse-radio UWB system [2], pulse shaping is critical
to satisfy the stringent spectral and temporal constraints on
transmitted signals. The pulse shaping circuit in these wide-
band systems, however, is difficult to design and implement
because of the large bandwidth and complex spectrum mask.
Using a number of (discrete) high-Q band-stop filters is unde-
sirable because of the large signal loss, high cost and lack of
reconfigurability. Digital programmable FIR filters like those
in fiber-optic communication systems usually demand large
chip area in an advanced process technology, and consume
hundreds of milliwatts power due to the circuit complexity.
Apparently they are not suitable for most UWB systems, which
are envisioned as inexpensive, low-power, portable devices.

Recent research demonstrated that a distributed transversal
filter (DTF) can be a good candidate for multi-gigahertz signal
processing such as equalization in 10 Gb/s fiber-optic systems
[3][4] and sub-nanosecond pulse synthesis[5] . A DTF [6][7]
is essentially an analog transversal filter based on distributed
amplifiers [8], which are widely used in microwave commu-
nication and radar systems because of their unique wideband
characteristics. DTFs are also reconfigurable by controlling the
gain from each cell[6]. Therefore, it is attractive to further
study this architecture in the pulse shaping applications in
wideband systems such as UWB. Our goal in this paper is
to investigate the pulse shaping capability of a reconfigurable
DTF using a discrete prototype.

II. DISTRIBUTED TRANSVERSAL FILTER

Fig. 1 shows a distributed transversal filter. The input signal
travels along the input transmission line (gate line), is tapped

Fig. 1. A distributed transversal filter.

by each gain cell in sequence (from left to right in Fig. 1),
and amplified by each cell by a gain proportional to the
filter coefficient. The output signals from all gain cells are
power-combined on the output transmission line (drain line).
Both periodically loaded transmission lines also act as delay
elements. The parasitic capacitance of gain cells becomes part
of the transmission lines like in a distributed amplifier, which
is why DTFs can achieve gigahertz bandwidth.

On the system level, a DTF operates like an FIR filter. The
time domain description of the circuit is
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where �� is the gain of gain cell �, and �� is the delay
between gain cell � and � � �. Note that �� consists of that
from both the loaded gate and drain lines, i.e., �� � ��� � ���.
The corresponding frequency response is given by
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III. ANALYSIS

The DTF can be modeled as in Fig. 2. The gate drain
lines are loaded by the input and output capacitance of gain
cells, respectively.1 It is evident that the design of a DTF
largely involves that of the loaded gate and drain lines,
which determine the DTF’s bandwidth and each tap’s transfer
functions. Circuit analysis of periodically loaded transmission

1The input and output resistance can be easily included in a more detailed
analysis by using a complex impedance.
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Fig. 2. Circuit model for a DTF.

Fig. 3. Periodically loaded transmission line.

lines [9][10] is used here. The drain line uses � section as the
basic iteration structure, as shown in Fig. 3. Each � section
consists of a lossless transmission line with length � and
two shunt susceptance from the capacitance. The susceptance
��
� is normalized to the characteristic impedance of unloaded
transmission line, �. We can relate the voltages and currents
on two sides of the �th � section by a ���� matrix�
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where �=kd, and � is the propagation constant of the unloaded

line.
This periodic structure is capable of supporting a propa-

gating wave. Let � to be the propagation constant of loaded
transmission line, i.e., ���� � 
�	���, ���� � 
�	���. By
solving the eigenvalue equation of the ABCD matrix, we can
find the solution for �

�	
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In the passband, the right side of Eqn. 6 should satisfy,
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We can also find the characteristic impedance of the load

transmission line (Bloch impedance) to be
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The derived � and � is also true for T sections [9], which
can model the gate line. Noting that there is only a half �

section at the input port, the first tap voltage on the gate line
is
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where ��
�� is the voltage transfer function from input to the
first tap on the gate line, and
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Then the voltage at the �th tap on the gate-line is
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which generates the current ����� on the drain-line. Half of
the current is delivered to the output port through � � sections
of drain line, which gives another 
��	� factor. The other half
current is absorbed by the termination. Therefore, under the
assumption that both gate and drain line are terminated with
� , the voltage transfer function of the �th tap in a DTF is
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where �, � and ��
�� is from Eqn. (6), (8) and (9), respec-
tively. Therefore, the overall transfer function of the DTF is
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IV. CIRCUIT DESIGN

The system specification of the discrete prototype is de-
termined as following: the delay per tap � is 100 ps, which
means the sampling frequency �� is 10 GHz; the number of
taps is set to 5, which is sufficient for pulse shaping in impulse-
radio UWB systems [11]; the cut-off frequency of both loaded
transmission lines are specified to be 7 GHz, considering the
limitation of PCB implementation; and the Bloch impedance
is set to 50 �.

Based on the bandwidth specification, a discrete transistor,
Agilent ATF36077, is chosen for the gain cell. It is a pHEMT
device with a 0.2 �m gate length, 200 �m gate width,
packaged in a surface-mountable ceramic package. The device
is characterized in frequency domain using a network analyzer.
Transmission-reflection-line (TRL) calibration is used to shift
the reference plane to the package edge. From measured
s-parameters, small-signal equivalent circuit models are ex-
tracted at various bias conditions for the initial design (Fig. 4).
A Statz model of the transistor provided by the manufacturer
is then used in design optimization.

The gain cell is designed as a cascode amplifier (Fig. 5)
in order to increase its output impedance and thus reduce the
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Fig. 6. Numerical analysis to determine tap spacing d and unloaded impedance ��.

loss on the drain line. It also helps to reduce parasitic coupling
between gate and drain lines. The transistor has a large input
capacitance of 0.8 pF. So a 0.2 pF input coupling capacitor �

is added to reduce the capacitive loading on the gate line with
sacrifice in gain. � also enables tuning the dc gate voltage of
�� in each cell and thus the gain independently. �� provides
ac ground to �� gate, and a de-Q resistor �� is added to
guarantee stability of the amplifier. They are also fine-tuned
independently in each cell to achieve best frequency responses.

Microstrip transmission lines are used to construct the gate
and drain lines. The design parameters are the characteristic
impedance of the unloaded lines (�) and tap spacing (�).
They have to be determined together from the specifications
of cut-off frequency (7 GHz), Bloch impedance (50 �) and
tap delay (100 ps). The cut-off frequency is evaluated using
Eqn. (7) when sweeping � from 50 � to 80 � (Fig. 6a). It
is found that � cannot be longer than 11 mm. Then � is set to
9.2 mm according to the tap delay (Fig. 6b), and � to 70 �
for 50 � Bloch impedance (Fig. 6c). The complete RF signal
path is simulated using a 2D electromagnetic simulator. Then
the multiple-port s-parameter data is imported into a circuit
simulator to simulate with transistor models.

V. SIMULATION RESULTS

The simulated frequency response of each tap is shown
in Fig. 7. The bandwidth of all five taps satisfy the cut-
off frequency specification (7 GHz), and it reduces gradually
along the cells due to the larger loss associated with longer
signal path. Note that the magnitude within the passband is
about -8 dB because of the 0.2 pF coupling capacitor �.

Fig. 4. Extracted transistor small-signal parameters at ��� � ����� ,
��� � ���� , �� � ������.

Fig. 5. Circuit schematic of the gain cell.

Fig. 7. Simulated frequency response of each tap.
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Fig. 8. Simulated frequency response using multiple taps.
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The tap gains are ���=0, ���=59 mS, ���=38.5 mS, ���=38.5 mS,
���=59 mS

Fig. 10. Fabricated PCB prototype.

The reconfigurability is demonstrated in Fig. 8. By varying
the gain of gain cell 2, 3 and 4, the first notch frequency can
be tuned from 2.5 GHz to 4.0 GHz continuously. Note that
the second notch is the image of the first one around the half
sampling frequency (��/2=5 GHz). Fig. 9 shows the spectrum
of a UWB monocycle before and after pulse shaping. The filter
introduces two notches at the WLAN frequencies (2.4 GHz
and 5.2 GHz) in compliance with the FCC UWB emission
mask[11].

The power supply voltage is 3 V. The current consumption
depends on the tap coefficients to be generated. As an example,
it consumes totally 33 mA to generate the spectrum in Fig. 9.

VI. PROTOTYPE FABRICATION AND MEASUREMENT

The PCB prototype of the DTF is fabricated on a 20mil-
thick Duroid5880 substrate with �� �   (Fig. 10). The

Fig. 11. Measured frequency response of each tap.

measured frequency response of each tap is shown in Fig. 11.
The passband gain is -6 dB to -8 dB, close to the simulation
values. The phase responses are quite linear within 5 GHz
range. The 3 dB bandwidth is about 4 to 5 GHz for differ-
ent taps. Compared to simulation results, the bandwidth is
reduced and it exhibits larger ripples within the passband.
This is largely due to parasitic effects of discrete resistors
and capacitors at multi-gigahertz frequency. Another culprit
is the frequency-dependent output impedance of gain cells,
which is not accurately modeled in the device model. We
expect to alleviate this problem in the new prototypes under
construction.

VII. CONCLUSION

We investigated the use of reconfigurable distributed
transversal filters (DTFs) for multi-gigahertz pulse shaping
applications. Analysis based on transmission line theory and
detailed design procedures are presented. A 5-tap prototype
was designed and fabricated using microwave substrate and
pHEMT discrete devices. The simulation and measurement
results demonstrate its pulse shaping capability and reconfig-
urability. We envision that this technique can be applied in a
wide range of high-speed and wideband applications.
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