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Abstract—A novel ultra-wideband (UWB) pulse synthesizer is
proposed, which uses a distributed amplifier to combine Gaussian
pulses of different polarities, amplitudes and delays. The center
frequency and bandwidth of the synthesized pulse can be adjusted by
varying the number of the Gaussian pulses and the delays between
them. Compared to other UWB pulse generators, the present
synthesizer is capable of higher voltages and higher efficiencies. Using
0.25-µm pHEMTs, a prototype synthesizer has been designed and
fabricated with a center frequency of 4.0 GHz and a bandwidth of
1.9GHz. Under a Gaussian input pulse of 1.5 V and 100 ps, the
synthesizer outputs into 50 Ω a pulse of 4.5V and 1 ns. At a pulse-
repetition frequency of 10MHz, the synthesizer consumes 1 mA at 3 V
with 17% efficiency. Approaches to maintain high efficiency by scaling
the supply voltage for different input amplitudes and pulse-repetition
frequencies have also been verified experimentally.
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1. INTRODUCTION

Ultra-wideband (UWB) impulse radio [1] has received considerable
interest recently. One of its major applications is long-range low-
data-rate communication with precision localization [2]. For this
application, it is critical to generate UWB pulses with high voltage
and high efficiency at low pulse-repetition frequency (PRF) while
complying with spectrum regulations. Worldwide, there are many
different UWB standards. The U. S. Federal Communications
Commission (FCC) has allocated the 3.1–10.6 GHz band with 3–5GHz
being the low band and 6–10 GHz being the high band [3]. This paper
focuses on the low band for its superior propagating characteristics.

Traditionally, there are six major methods to generate UWB
pulses. One method is to generate a pulse at the baseband then
up-convert it to the UWB band [4]. Such a carrier-based design
tends to have complex architecture and high power consumption.
Also, it requires a local oscillator, which signal can leak into the
output. The second method is to generate a pulse directly in the
UWB band [5]. This method usually requires more pulse-shaping
filters. The third method is to synthesize the pulse waveform by
using high-speed digital-to-analog converters [6]. It has both good time
and amplitude resolutions, but the high sampling rate increases circuit
complexity, power consumption and cost. The fourth method relies on
the combination of the rising and falling edges of a clock signal [7]. The
fifth method combines different delay edges with polarity control to
form a short logic pulse before filtering it [8]. None of the third, fourth
and fifth methods can generate high-voltage pulses. In comparison,
the sixth method based on an L-C voltage-controlled oscillator (VCO)
can generate a high-voltage pulse [9]. However, the fast gate bias
signal required to switch the buffer driver amplifier is difficult to be
implemented. Table 1 compares the amplitude, width and efficiency
of UWB pulses generated by the different methods. The amplitude is
measured peak to peak. The width is the full width at half maximum.
The efficiency is defined as

η =
Peak Output Power× Pulse Width× PRF

DC Power Consumption
. (1)

Recently, we proposed [10] a variation from the fifth method by
using a distributed amplifier to combine Gaussian pulses of different
polarities, amplitudes and delays. The Gaussian input pulses were
generated [11] directly from the rising edges of a clock signal without
additional power consumption. The positive pulses are generated from
reflected negative pulses without additional polarity-control circuit. As
listed in Table 1, from a 1.5-V 100-ps Gaussian input pulse, the new
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Table 1. Characteristics of UWB pulses generated by difference
methods.

Amplitude (V) Width (ns) Efficiency PRF (MHz) Reference
0.26 1.5 — — [4]
0.5 — — — [6]
0.68 0.25 0.94% 500 [7]
0.2 0.6 0.05% 80 [8]
5.1a 0.9 7.9% 1 [9]
4.5 1.0 10% 10 [10]
4.5 1.0 17% 10

This Work
6.4 1.0 13% 5

a Converted from 100-Ω load to 50-Ω load.

(a) (b)

Figure 1. Schematics of (a) original and (b) simplified UWB pulse
synthesizer.

method could output into 50Ω a 4.5-V 1-ns pulse with 10% efficiency
under a PRF of 10 MHz. This paper expands on [10] mainly by
describing the detailed circuit design and analysis in both time and
frequency domains. Approaches to maintain high efficiency by scaling
the supply voltage for different input amplitudes and PRFs are also
explored. The resulted improvements in both output amplitude and
efficiency are listed in Table 1.

2. PULSE-SYNTHESIS METHOD

Figure 1(a) shows that the proposed UWB pulse synthesizer is based on
a distributed amplifier with two branches and n taps. First, a Gaussian
input pulse g(t) is divided by a power splitter into two sub-pulses g+(t)
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and g−(t). Second, g+(t) is delayed by τ1 then distributed to each
tap of the distributed amplified with additional delay τg and weight
w+

i (w+
i > 0). In contrast, g−(t) is directly distributed to each tap

with only tap-to-tap delay τg and is weighted by w−i (w−i < 0). Both
g+(t) and g−(t) are terminated in matched loads to prevent reflection.
Lastly, the output pulse is synthesized by combining pulses from both
the positive and negative branches of the distributed amplifier as

V out
n (t) =

n∑

i=1

{
w+

i g+ [t− τ1 − (i− 1) τg] + w−i g− [t− (i− 1) τg]
}

(2)

Assuming ideal splitter and equal weights so that g+ (t) = g− (t) =
g (t)

/√
2 , w+

i = 1 and w−i = −1, (2) can be simplified as

V out
n (t) =

1√
2

n∑

i=1

{g [t− τ1 − (i− 1) τg]− g [t− (i− 1) τg]}. (3)

The values of τ1, τg and n can be adjusted to optimize the
synthesizer performance for different applications. By adjusting τ1,
the output center frequency can be tuned. By adjusting τg and n, the
output width can also be tuned. The adjustments can be analyzed by
assuming a Gaussian input pulse of

g (t) =
(
A/
√

2πσ2
)

exp
(−t2

/
2σ2

)
(4)

where A/
√

2πσ2 is the peak-to-peak amplitude and 2σ
√

2 ln 2 is the full
width at half maximum. The Fourier transform of (4) in the frequency
domain is

g (ω) = A exp
[−ω2σ2

/
2
]

(5)

where ω is the angular frequency. From (3)–(5), the output waveform
and spectrum can be analyzed for synthesizers with different numbers
of taps.

When n = 1,

V out
1 (t) =

(
1
/√

2
)

[g (t− τ1)− g (t)]

V out
1 (ω) =

[
g (ω)

/√
2
]
[exp (−jωτ1)− 1] .

(6)

The corresponding power spectral density is
∣∣V out

1 (ω)
∣∣2 = |g (ω)|2 2 sin2 (ωτ1/2) . (7)

Let Gn(ω) be the power gain of an n-tap synthesizer, then
∣∣V out

n (ω)
∣∣2 = |g (ω)|2 Gn (ω) (8)
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and
G1 (ω) = 2 sin2 (ωτ1/2) . (9)

G1(ω) has peaks at mπ/τ1 and nulls at (m − 1) π/τ1, where m is an
odd integer. This is the special case when the center frequency and
bandwidth are both determined by τ1, because τg is absent when n = 1.

When n = 2,

V out
2 (t) = V out

1 (t) + V out
1 (t− τg)

V out
2 (ω) = V out

1 (ω) [1 + exp (−jωτg)]

G2 (ω) = 8 cos2 (ωτg/2) sin2 (ωτ1/2)

(10)

In addition to peaks at mπ/τ1 and nulls at (m − 1)π/τ1, G2(ω) has
nulls at mπ/τg. Thus, while the center frequency is determined by τ1,
the bandwidth may be determined by τg if τg > τ1.

When n = 3,

V out
3 (t) = V out

1 (t) + V out
1 (t− τg) + V out

1 (t− 2τg)

V out
3 (ω) = V out

1 (ω) [1 + exp (−jωτg) + exp (−j2ωτg)]

G3 (ω) = 2 [1 + 2 cos (ωτg)]
2 sin2 (ωτ1/2)

(11)

In addition to peaks at mπ/τ1 and nulls at (m − 1)π/τ1, G3(ω) has
nulls at 2(m± 1/3)π/τg.

When n = 4,

V out
4 (t) = V out

1 (t)+V out
1 (t−τg)+V out

1 (t−2τg)+V out
1 (t−3τg)

V out
4 (ω) = V out

1 (ω)
[

1 + exp (−jωτg)
+ exp (−jω2τg) + exp (−jω3τg)

]

G4 (ω) = 32 cos2 (ωτg) cos2 (ωτg/2) sin2 (ωτ1/2)

. (12)

In addition to peaks at mπ/τ1 and nulls at (m − 1)π/τ1, G4(ω)
has nulls at mπ/2τg and mπ/4τg.

Thus, the output spectra of synthesizers with different numbers
of taps can be evaluated by using (9)–(12). To illustrate the cases for
τg > τ1, τg is fixed at 2τ1. Fig. 2(a) plots gains G1(ω), G2(ω), G3(ω),
and G4(ω) for τ1 = 120 ps and τg = 240 ps. It can be seen that the
bandwidth decreases with increasing n, so that the output energy is
concentrated more in the main lobe and less in the side lobes. For
example, with n = 4, the main lobe is approximately 13 dB higher
than its nearest side lobe. With n = 4 and τg = 2τ1, Fig. 2(b) shows
that the peak frequency and bandwidth are both inversely proportional
to τ1. Table 2 summarizes the peak frequency and 10-dB bandwidth
for different τ1 values.

According to (8), the output spectrum is determined by not only
the synthesizer gain G(ω), but also the shape of the input pulse g(ω).
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(a) (b)

Figure 2. Calculated synthesizer gain with (a) τ1 = 120 ps and n = 1,
2, 3, 4 and (b) n = 4 and τ1 = 100, 120, 140, 160 ps. In all case,
τg = 2τ1.

Table 2. Characteristics of the synthesizer gain for different delaysa.

Delay τ1 (ps) 100 120 140 160
Peak Frequency (GHz) 5.0 4.2 3.6 3.1

Bandwidth (GHz) 1.8 1.5 1.3 1.2
aτg = τ1, n = 4.

(a) (b)

Figure 3. Calculated synthesizer output (a) waveform and (b)
spectrum with n = 4, τ1 = 120 ps, τg = 240 ps, and σ = 100 ps.

Using (12), Fig. 3 shows the calculated output waveform and spectrum
for n = 4, τ1 = 120 ps, τg = 240 ps, and σ = 100 ps with the peak-to-
peak amplitude in the time domain normalized to 1 V and the main
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(a) (b)

Figure 4. Calculated (a) waveform and (b) spectrum of the output
pulse with a Gaussian envelope formed by varying the weights w+

i and
w−i of the distributed amplifier. The FCC spectral mask is overlaid in
(b) as a reference.

lobe in the frequency domain normalized to 0 dB. Compared to Fig. 2,
the difference between the main lobe and the nearest side lobe is
now reduced from 13 dB to 10 dB by the rich low-frequency content
of the Gaussian input pulse. In order to utilize the spectral mask
more efficiently, the side lobes can be suppressed by adjusting the
weights w+

i and w−i of the distributed amplifier so that the output pulse
follows a Gaussian envelope in the time domain as shown in Fig. 4(a).
Fig. 4(b) shows that in this case the main lobe in the frequency domain
is more than 30 dB higher than the nearest side lobe. This approach
is elaborated in the next section.

3. CIRCUIT DESIGN AND ANALYSIS

The proposed distributed UWB pulse synthesizer with a simplified
architecture has been implemented in 0.25-µm gate-length depletion-
mode pHEMTs, which are biased in Class-C for high-efficiency
operation. For the negative branch of the distributed amplifier with w−i
weights, each tap is automatically switched on and off by the positive
input pulse. However, the positive branch with w+

i weights cannot
be easily implemented with the depletion-mode pHEMTs in Class-
C operation. To overcome the difficulty, the power splitter and the
positive branch of the distributed amplifier are eliminated and, instead,
positive pulses are generated from reflected negative pulses. As shown
in Fig. 1(b), in the simplified architecture, a negative pulse Vn is first
formed by combining the pulses through the negative taps with w−i
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Figure 5. Circuit schematic of the simplified UWB pulse synthesizer
with one branch and four taps.

weights. The Vn pulse then travels both forward and backward as
indicated by Vnf and Vnb. When the backward traveling Vnb passes
through the delay element τ2 to reach the short-circuited termination,
a positive Vnr is reflected. The reflected pulse Vnr then travels forward
to combine with Vnf to form an UWB pulse with both positive and
negative components at the output of the distributed amplifier. Note
that Vnr is behind Vnf by 2τ1. Therefore, the analysis of Section 2 is
still valid provided τ1 is replaced by 2τ2.

Figure 5 shows the circuit design based on the simplified
architecture of Fig. 1(b) with n = 4. A conventional distributed
amplifier [12] is implemented with discrete pHEMTs on a combination
of ceramic and polymer boards. The typical 50-Ω termination on the
drain side of the pHEMTs is replaced by a short-circuited termination
after a transmission line with delay τ2. A short transmission line
with delay τd meanders between the pHEMT drains, while a long
transmission line with delay τg meanders between the pHEMT gates.
As described in Section 2, the input pulse travels through τg and
switches the pHEMTs successively, before being absorbed by a 50-
Ω termination. The w−i weights are implemented with voltage dividers
made of Cdiv and Cgs in series, where Cgs is the gate-source capacitance
of each pHEMT. Bond wires Lg1, Lg2 and Ld connect the pHEMTs
with the transmission lines on the board and help compensate Cdiv,
Cgs and Cds to maintain the 50-Ω characteristic impedance, where Cds

is the drain-source capacitance of each pHEMT.
The Cdiv/Cgs dividers are designed to give the proper w−i weights
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to ensure a Gaussian envelope for efficient spectrum utilization as
discussed at the end of Section 2. As shown in Fig. 4(a), four
successive positive pulses of amplitudes V1 = V4, V2 = V3 = 2.5V1

and four successive negative pulses of the same amplitudes but 180◦
out of phase form an output pulse with a Gaussian envelope. For the
present pHEMTs, Cgs = 0.38 pF. Therefore, Cdiv = 0.25 pF would give
V2 = 2.5V1.

Giving the Cdiv/Cgs ratio, it is tempting to simply let w−1 =
w−4 = −0.4 and w−2 = w−3 = −1. However, the w−i values can only
be determined after considering the transistor gain and parasitic loss.
This is accomplished by analyzing the detailed circuit schematic of
Fig. 6(b), which is formed by inserting the linear pHEMT model of
Fig. 6(a) into Fig. 5. In the analysis, the bond wires Lg1, Lg2 and Ld,
as well as the transmission lines τ2 and τd, are assumed to be lossless.
The loss Lossg associated with τg is estimated to be 0.35 dB. The loss
associated with the channel resistance Ri is considered, but the loss
associated with the drain-source resistance Rds is neglected. Delays
other than τd and τg are all ignored.

With Vgg = −1.0V, each pHEMT is biased below its threshold
voltage of Vth = −0.8V and the effective input voltage Veff under an
input pulse of Vin = 1.5 V is

Veff1 =
(Vin + Vgg − Vth)/jωCgs

1/jωCgs + 1/jωCdiv + Ri
= 0.52V

Veff2 =
(Vin + Vgg − Vth)/jωCgs

10Lossg/20 (1/jωCgs + Ri)
= 1.44V

Veff3 =
(Vin + Vgg − Vth)/jωCgs

102Lossg/20 (1/jωCgs + Ri)
= 1.20V

Veff4 =
(Vin + Vgg − Vth)/jωCgs

103Lossg/20 (1/jωCgs + 1/jωCdiv + Ri)
= 0.46V

. (13)

With the transconductance gm = 80 ms, the current through each
pHEMT is 42mA, 100 mA, 96mA and 37mA, respectively. As the
drain current is divided between the 50-Ω transmission lines left and
right, as well as the drain-source resistance Rds = 373Ω, the effective
drain impedance is 23 Ω. Therefore, the output voltage for each
pHEMT is 0.97 V, 2.34 V, 2.21 V and 0.86 V, which match the measured
results of Section 4. From the ratio of output and input voltages
on each pHEMT, w−1 = −0.65, w−2 = −1.56, w−3 = −1.50, and
w−4 = −0.57.

By properly combining the output voltage of each pHEMT, the
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(a) (b)

Figure 6. (a) Linear pHEMT model and (b) detailed circuit schematic
formed by inserting the pHEMT model into the circuit of Fig. 5.

forward traveling pulse at the synthesizer output is

Vnf (t) =w−1 Vin (t− 3τd) + w−2 Vin (t− τg − 2τd)

+ w−3 Vin (t− 2τg − τd) + w−4 Vin (t− 3τg)
Vnf (ω) =Vin(ω)

·
{

w−1 exp (−j3ωτd) + w−2 exp [−jω (τg + 2τd)]
+w−3 exp [−jω (2τg + τd)] + w−4 exp [−j3ωτg]

}. (14)

The backward traveling pulse Vnb can be similarly evaluated knowing
that it is of the opposite polarity and is delayed by 2τ2 + 3τd.
Combining Vnf and Vnb, the output pulse is

V out
4 (t) =Vnf (t)− Vnf (t− 2τ2 − 3τd)

V out
4 (ω) =Vnf (ω) {1− exp [−jω (2τ2 + 3τd)]}
G4 (ω) = |1− exp [−jω (2τ2 + 3τd)]|2

·
∣∣∣∣

w−1 exp (−jω3τd) + w−2 exp [−jω (τg + 2τd)]
+w−3 exp [−jω (2τg + τd)] + w−4 exp (−jω3τg)

∣∣∣∣
2

. (15)

Equation (15) can be used to calculate the synthesizer gain at
any frequency. For example, Fig. 7 shows that with τ2 = 60ps,
τg = 240 ps, and τd = 15ps, the gain calculated by using (15) is in
general agreement with that simulated by using the nonlinear TOM3
model [13] for pHEMTs and distributed transmission- line model for
the delays. In both cases, the gain at a center frequency of 4.17 GHz
is estimated to be 16.5 dB.

Equation (15) differs from (12) in terms of not only wi, but also
τd. Fig. 7 shows also the gain calculated by using (15) without τd.
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Figure 7. Synthesizer gain
calculated by using (15) with τd =
15ps or 0. The calculated gain for
τd = 15 ps is in general agreement
with that simulated by using
TOM3 pHEMT and transmission-
line models.

Figure 8. Drain characteristics
of the pHEMT overlaid with load
lines optimized for (a) 1.5-V input
with 3-V supply and (b) 2-V input
with 5-V supply.

It can be seen that with τd reduced from 15 ps to 0, the peak gain
increases from 16.5 dB to 18.6 dB. This shows that the layout of the
distributed amplifier can be further optimized to minimize τd and to
maximize the gain and efficiency of the synthesizer.

Giving the same gain but a lower PRF, the input pulse amplitude
can be increased to boost the output pulse amplitude without violating
the FCC regulation. With a gain of 16.5 dB and a PRF of 10 MHz,
a 1.5-V 100-ps Gaussian input pulse with a spectral density of
−59 dBm/MHz at 4.17 GHz would result in an output pulse with
−42.5 dBm/MHz at 4.17 GHz, which complies with the FCC regulation
and agrees with the measured results of Section 4. If the PRF
is reduced from 10 MHz to 5 MHz, the input amplitude can be
increased from 1.5V to 2.0 V to maintain the output spectral density
of −42.5 dBm/MHz at 4.17 GHz. However, to maintain the same
gain, the supply voltage must also be increased from 3 V to 5V to
accommodate the larger voltage swing as shown in Fig. 8. In general,
the supply voltage must be carefully scaled to provide high output
amplitude with high linearity and high efficiency. To verify the above
analysis, the fabricated synthesizer was tested under different input
and supply voltages as described below.
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Figure 9. Photograph of the fabricated UWB pulse synthesizer.

4. RESULTS AND DISCUSSION

Figure 9 is a photograph of a synthesizer fabricated with n = 4, τ2 =
60ps, τg = 240 ps, and τd = 15 ps. The circuit size is approximately
20mm×30mm. The delay τg is through a 29-mm 50-Ω microstrip line,
which meanders over an area of 4 mm× 8mm on an alumina substrate
with a thickness of 0.254 mm and a dielectric constant of 9.9. The
delay τ2 is through a 9.4 mm 50-Ω microstrip line with 2.4 mm on the
alumina substrate and the remainder on a Roger RO4003C substrate
with a thickness of 0.508mm and a dielectric constant of 3.55. The
alumina substrate is more suitable for chip-on-board attachment; the
Roger substrate is more suitable for surface-mount components.

The fabricated synthesizer was first tested with a 1.5-V 100-
ps Gaussian input and a 10-MHz PRF. As discussed in Section 3,
the supply voltage was optimized at 3V in this case. Fig. 10
shows the measured output waveform and spectrum. The peak-
to-peak amplitude is 4.5 V and the full width at half maximum is
1.0 ns. The center frequency and 10-dB bandwidth are 4.0 GHz and
1.9GHz, respectively, in compliance with the FCC low-band mask.
The measured current consumption is 1 mA, which corresponds to an
efficiency of 17% as defined by (1).

The same synthesizer was next tested with a 2-V 100-ps Gaussian
input and a 5-MHz PRF. Fig. 11 shows the measured output waveform
and spectrum. The peak-to-peak voltage is 6.4 V and the full width at
half maximum remains at 1.0 ns. The spectrum remains the same in
compliance with the FCC mask. The measured current consumption
is 0.8 mA, which corresponds to an efficiency of 13%.

As verified in the above, the supply voltage can be scaled to
provide high output amplitude with high linearity and high efficiency
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(a) (b)

Figure 10. Measured output (a) waveform and (b) spectrum of the
UWB pulse synthesizer with 1.5-V 240-ps Gaussian input, 10-MHz
PRF and 3-V supply. The FCC spectral mask is overlaid in (b) as a
reference.

(a) (b)

Figure 11. Measured output (a) waveform and (b) spectrum of the
UWB pulse synthesizer with 1.5-V 240-ps Gaussian input, 10-MHz
PRF and 3-V supply. The FCC spectral mask is overlaid in (b) as a
reference.

under different input conditions. This can be accomplished by laying
out additional circuitry to adjust the input amplitude and PRF for
different applications and to adaptively control the supply voltage for
the pulse synthesizer according to the chosen input amplitude and
PRF. Such adaptive control of the supply voltage has been used to
improve the linearity and efficiency of RF power amplifiers [14]. The
adaptive control circuitry can be best implemented in monolithically
microwave integrated circuits (MMICs).

For expeditious and low-cost proof of concept, the proposed
synthesizer was demonstrated by using discrete pHEMTs. Using
MMICs, the pulse generator can be integrated with the pulse



200 Fang et al.

synthesizer to facilitate adaptive control of the supply voltage. In
addition, parasitic delays such as τd can be minimized for maximum
gain and efficiency. In this case, higher-impedance transmission lines
can be used to minimize the die size but must be carefully traded off
against additional loss.

5. CONCLUSION

The above theoretical analysis and measured results confirm that
the proposed distributed UWB pulse synthesizer is capable of
higher output amplitude and efficiency than many other UWB pulse
generators. In addition, the supply voltage can be adaptively
controlled to improve the linearity and efficiency of the proposed
synthesizer. Finally, the proposed synthesizer design can be
implemented in MMICs for even better performance.
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