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Abstract— In this paper, we introduce binary-weighted digital
control into the gain cell design of a distributed transversal
filter (DTF) to demonstrate the benefits of digitally-assisted RF
circuits. By effectively integrating a digital-to-analog converter
(DAC) into the gain cell, the new design can improve gain cell’s
linearity and hence DTF’s dynamic range. A 5-tap DTF prototype
was designed and implemented in a standard ���������� digital
CMOS technology, using LC artificial transmission lines with
on-chip spiral inductors, and gain cells with a quasi-differential
amplifier design. 3-bit digital control and analog tuning are
both implemented for gain control in each gain cell. The new
design achieves a dynamic range of 13 dB. UWB waveforms are
generated using the DTF prototype.

I. INTRODUCTION

In recent years, RF integrated circuits operating at low GHz
range have been gradually migrated to low-cost digital CMOS
technologies, and the trend is continuing for microwave and
even millimeter-wave integrated circuits at 10 GHz and beyond
[1][2]. It is commonly believed that this transition only de-
grades the performance of RF circuits except in terms of cost.
For example, the low supply voltage in the deep-submicron
process (1.5V or lower) and relatively high threshold voltage
(0.5V or higher) severely limits the voltage headroom and
dynamic range of RF circuits [3] . The thin metals and lossy
silicon substrate significantly lowers Q and self-resonant fre-
quency of on-chip inductors and transmission lines. Therefore
special RF CMOS processes have been developed to mitigate
the performance degradation at extra cost. What is usually
untapped is the benefit of large-scale integration in digital
CMOS technologies, which were not feasible for conventional
RF IC designs in III-V technologies. In fact, circuit complexity
can be traded for speed, power and/or accuracy. Digital CMOS
technologies enable us to digitally control RF circuits, and fur-
ther to integrate analogy/digital signal processing techniques
with RF designs. This approach also improves scalability and
reconfigurability of RF circuits, which is crucial for future
multi-mode, multi-standard, frequency-agile radios. Digitally-
assisted RF circuits will more be likely to benefit instead of
suffering when CMOS technologies advance. In this paper, as a
demonstration for digital-assisted RF circuits, we will present
a wideband pulse shaping filter employing a signal processing
technique from digital-to-analog converters (DAC).

Ultrafast pulse shaping is an important function in wire-
line communications, high-speed instrumentation, and radar
systems for pre-emphasis, equalization, and general signal
conditioning. For example, sub-nanosecond pulse shaping is
required to tailor the laser drive pulse to a wide variety of
target waveforms in our OMEGA laser system for inertial-
confined fusion experiments [4]. In UWB impulse radios
(IR-UWB), low repetition-rate, ultra-short pulses are used

Fig. 1. A DTF with gain cell design based on analog tuning.

to achieve lower power consumption and simpler transceiver
architecture than conventional narrow-band RF systems [5]. It
is challenging to generate UWB pulses that satisfy the FCC
emission mask and narrow-band interference requirements.
Therefore, pulse generation (including pulse shaping) circuit
becomes one of the critical building blocks in IR-UWB
transmitter design. Our work is to develop a wideband filter
that can be used for both applications.

II. DISTRIBUTED TRANSVERSAL FILTER

Thanks to their FIR-like architecture and unique wideband
characteristics inherited from distributed amplifiers, distributed
transversal filters (DTF) [6] have been recent demonstrated
suitable for ultrafast signal processing tasks such as equal-
ization in 10 Gb/s fiber-optic systems [7][8]. In our previous
work, we further investigated using DTFs for generic sub-
nanosecond pulse shaping [9], and in particular narrowband
interference suppression in IR-UWB systems [10]. This pa-
per demonstrates a new study on using the digital-assisted
approach to improve the dynamic range of DTFs.

A conventional DTF is shown in Fig. 1. It is shown with
LC artificial transmission lines for large time delay, but other
types of on-chip transmission lines can also be used. The
input signal travels along the input transmission line (gate-
line), and is tapped by each gain cell in sequence (from
left to right in Fig. 1). The tapped signal is amplified in
each gain cell by a variable gain, which corresponds to the
filter coefficient. Then the output signals from all gain cells
are combined on the output transmission line (drain-line) in
phase at the output. The input signal on the gate-line is
eventually absorbed by the matched termination, and so are
the out-of-phase combined signals traveling to the right on
the drain-line. In this architecture, the loaded transmission
lines serve as both signal distribution/combining networks and
delay elements. Similar to a distributed amplifier, a DTF’s
bandwidth is limited by the cut-off frequency of the loaded
transmission lines. In addition, the delay between neighboring
taps � in a DTF sets its sampling frequency, and hence imposes
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Fig. 2. A DTF with the new gain cell design including both digital controls
and analog tuning.

another constraint on its frequency response. A challenge in
DTF design is to maintain the signal bandwidth of each tap.
Usually the first tap (the first one on the left in Fig. 1) exhibits
the largest bandwidth, and the bandwidth decreases gradually
for later taps since the signal travels a longer distance on
the lossy transmission lines. This is especially troublesome
for the implementation in digital CMOS technologies due to
the thin metal and low-resistivity substrate. Note that this is
more severe than in a distributed amplifier since there is total
delay (or corresponding frequency resolution) requirement for
a DTF.

III. GAIN CONTROL: ANALOG VS. DIGITAL

For most DTF applications, it is highly desirable to control
the filter coefficients linearly, which are represented by the
gain of embedded amplifiers (gain cells). In particular, when a
DTF is used for pulse synthesis, the amplitude linearity of gain
control determines the DTF’s dynamic range for a given input
pulse. A second challenge of a linearly-controlled DTF is to
maintain the pulse shape across the dynamic range. This means
that only the magnitude frequency response of a DTF ( � ������ )
changes linearly with the control signal, and its phase response
( ��� ��� ) and return loss ( � ��� and � ��� ) remain unchanged. The
latter cannot be ignored because it tends to vary with frequency
and hence is difficult to achieve perfect impedance matching
throughout the wide bandwidth. In previously reported DTFs,
gain control is accomplished by analog means, usually varying
the bias condition of gain cells, e.g., by tuning the bias current
[8], [9]. These analog gain control mechanisms are easy to
implement since they are already part of the gain cell design.
However, the achievable dynamic range is severely limited
(less than 8 dB in reports) due to the fact that the bias condition
cannot be changed significantly without disrupt the circuit
operation. When the bias is tuned, the parasitic capacitance
of transistors and impedance level at critical nodes change,
and so is the phase response, which usually degrades when
the bias condition deviates from the optimum.

In order to maintain the phase response of a DTF, the
bias tuning range needs to be minimized so that the parasitic
capacitance of each gain cell and the impedance level at each
node of the signal path change little. In order to improve the
return loss, the loading of gain cells on both transmission
lines (particularly the gate line) should remain constant when
tuning the gain. Both requirements dictate a new gain control

(a)

(b)

Fig. 3. (a) Binary-weighted gain cell, each digital bit controls a number
of identical unit cells. (b) Each unit cell is implemented as a current-steered
quasi-differential amplifier with tail current tuning.

mechanism in addition to the analog tuning. A digital gain
control method is highly desirable since it provides a direct
interface for digital signal processing at baseband. Another
advantage is a possible coarse-fine dual control mechanism:
digital control for coarse tuning, and analog control for fine
tuning.

To implement the digital control, a gain cell can be con-
structed using multiple amplifiers connected in parallel instead
of a single amplifier. Digital gain control is accomplished by
turning on/off the right amplifiers. Essentially, we integrate a
digital-to-analog converter (DAC) into the gain cell. A DTF
with both the digital and analog gain control is shown in Fig. 2.
In this case, the analog tuning only needs to cover the range
between neighboring two discrete levels set by the digital
control which is �! #"%$ smaller than the conventional analog
tuning, where & is the number of bits for digital control.

IV. CIRCUIT DESIGN

A prototype 5-tap DTF is implemented as shown in Fig. 2. It
consists of 5 gain cells connected in parallel between two LC
artificial transmission lines. Each gain cell includes a number
of amplifiers. In order to achieve the best gain-control linearity,
each amplifier (called unit cell) in the gain cell is designed
to be identical, and the binary-weighted digital control bits
are connected to the corresponding number of unit cells. For
example, a 3-bit digital-controlled gain cell is constructed with
7 unit cells, with each bit controls 1, 2, and 4 unit cells,
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Fig. 4. Chip micrograph of the prototype DTF.
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Fig. 5. Measured frequency responses of each tap.

respectively, so that 8 discrete gain levels can be generated,
as shown in (Fig. 3 (a)).

The unit cell is implemented using a current-steering struc-
ture [8] as shown in Fig. 3 (b). Here a quasi-differential ampli-
fier is used to generate pulses with both polarities without the
overhead in chip area and difficulty in wideband differential
measurement. The cascode transistors ')( - '%* are used to steer
the output current between the output and dummy terminals.
They are controlled by +-,/.�0 and +21354 , which are determined
by the digital control bits and pulse polarity as shown in the
inset table in Fig. 3 (b). Note that the current through the
input transistor '#� remains unchanged no matter which path
the output current is steered to. Therefore, digital control does
not affect either the bias condition of the analog part of the
gain cell, or the capacitive loading on the transmission lines.
The latter is important to maintain both the phase response and
insertion loss. Analog gain control is implemented by tuning
the tail current source. Since it is used to fill the gain values
between the discrete digitally-controlled gain levels, only the
unit cell corresponding to the least-significant-bit (LSB) needs
to be tuned.

The DTF delay is specified as 50 ps/tap, and 200 ps in
total. The 50 ps/tap corresponds to 20 GHz sampling frequency
which is needed to synthesize the frequency spectrum within
10 GHz. The characteristic impedance 687 of both gain-line and
drain-line is specified to be 50 9 within the passband. The
prototype DTF was fabricated in a standard :�;<$>=@?BA digital
CMOS technology with low-resistivity substrate. The chip size
is C�;<$>D
AEA by $; F!D
AGA (Fig. 4).

V. MEASUREMENT RESULTS

The frequency responses of each tap are shown in Fig. 5.
The bandwidth of tap1 is about 14 GHz and decreases for other
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Fig. 6. Measured frequency responses of tap1 with digital control.
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Fig. 7. Impulse response of each tap in the prototype DTF. The interstage
delay is 48.6 ps, 49.9 ps, 51.5 ps, 50.5 ps.
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Fig. 8. Tuning of each tap in the prototype DTF: (a) Pulse amplitude; (b)
Correlation factor.
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Fig. 9. Generated UWB waveforms and spectra using the prototype DTF

taps because as signal travels a longer distance. The sloping
response below 2 GHz is caused by the resistance loss on the
LC lines. The phase responses are quite linear within 9 GHz
for all five taps. The digital gain control is demonstrated in
Fig. 6 (a) using tap1 as an example. The magnitude response� � ��� � changes linearly with the digital control signal. The
phase responses and input return loss � ��� show little change
for different digital gain levels (Fig. 6 (b), (c)), which verifies
that the RF performance is well conserved using digital gain
control.

Time-domain impulse response characterization of the pro-
totype DTF is performed using an input pulse with 80 ps pulse
width from an impulse generator. The impulse response of
each tap is shown in Fig. 7, from which the delay uniformity
for all five taps can be observed. The gain control of each
tap is shown in Fig. 8. In Fig. 8 (a), for total bias current
between 0.75 mA and 5.25 mA, the digital control shows very
good linearity. The tail current tuning of the quasi-differential
amplifier is shown in Fig. 8 (a) for total bias current lower
than 0.75 mA and larger than 5.25 mA. Some nonlinearity
occurs within these ranges because of the gain saturation and
the parasitic capacitance change. The pulse shape change with
tuning signal can be quantified by the correlation factor as
shown in Fig. 8 (b), in which the output pulse at 5.25 mA
bias current is selected as the reference. Within the dynamic
range of about 13 dB, the correlation factor is more than 0.9.
The analog tuning provides about 5 dB dynamic range and the
digital control provides about 8 dB dynamic range.

Some UWB waveforms generated using the prototype DTF
are shown in Fig. 9 with corresponding spectra. The DTF is

driven by an input impulse train runs at 500 MHz. Fig. 9 (a) (b)
show the waveform and spectrum generated using 2 taps.
Fig. 9 (c) (d) show the waveform and spectrum generated
using 5 taps. The signal power distribution is pushed to higher
frequency by using more taps. Since the bandwidth of last
three taps can not cover up to 10 GHz, the spectrum at the
high frequency end ( H 5 GHz) is only shaped by the first two
taps. But for the spectrum at low frequency end ( I 3 GHz),
it is shaped by all five taps. That is why the generated UWB
spectra can still have power distribution at frequencies higher
than the bandwidth of last three taps in the DTF.

VI. CONCLUSION

We have designed a 5-tap distributed transversal filter
(DTF) with a new gain cell design based on the design
concept of digitally-assisted RF circuits. The gain cell is a
quasi-differential amplifier with both 3-bit digital control and
analog tuning. Measurement results demonstrate that such a
hybrid tuning technique achieved 13 dB dynamic range. As
a demonstration of its pulse shaping capability, some UWB
waveforms/spectra are generated using the prototype DTF.
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