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Abstract—This paper presents calculations for approximating
the measured spectrum of pulsed signals in the high and low pulse-
repetition-frequency (PRF) region. Experimentally verified peak
and average power calculations are presented for pulse trains with
no modulation and when modulated by random data using binary
phase-shift keying (BPSK). A pulse generator is presented that
is built using commercially available discrete components. BPSK
pulses are generated at a PRF of 50 MHz. The output spectrum
has a center frequency of 5.355 GHz and a 10-dB bandwidth of
550 MHz. A technique for pulse shaping is presented that approx-
imates a Gaussian pulse by exploiting the exponential behavior of
a bipolar junction transistor. This technique is demonstrated by
a pulse generator fabricated in a 0.18- m SiGe BiCMOS process.
BPSK pulses are generated by inverting a local oscillator signal
as opposed to the reference pulse, improving matching. Pulses are
transmitted at a PRF of 100 MHz and centered in 528-MHz-wide
channels equally spaced within the 3.1–10.6-GHz ultra-wideband
band. Measurement results for both transmitters match well with
calculated values.

Index Terms—Gaussian, pulse analysis, pulse generation, trans-
mitter, ultra-wideband (UWB).

I. INTRODUCTION

ULTRA-WIDEBAND (UWB) communication is being re-
visited by the integrated circuits community as a medium

for a high data-rate last-meter wireless link. In 2002, the Federal
Communications Commission (FCC) allowed UWB commu-
nication in the 3.1–10.6-GHz band [1]–[3]. This has triggered
a large amount of interest in this area due to the promise of
unprecedented wireless data rates and precise positioning in a
low-cost consumer radio.

A. FCC Regulations

The FCC restrictions for the UWB band that affect most
high data-rate communication systems are the average emis-
sions mask with a maximum of 41.3-dBm/MHz between
3.1–10.6 GHz and the minimum signal bandwidth requirement
of 500 MHz within this band. The bandwidth of a UWB signal
is defined as the difference between frequencies where the
signal power is 10 dB below its maximum level. More of a
factor for low pulse-repetition-frequency (PRF) transmitters,
the peak power limit set by the FCC is RBW dBm,
where RBW is the spectrum analyzer resolution bandwidth in
megahertz.
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B. Pulse Modulation Schemes

Several pulse-based modulation schemes are found in lit-
erature such as pulse amplitude modulation (PAM), on–off
keying (OOK), pulse-position (PPM) or bit-position modula-
tion (BPM), binary phase-shift keying (BPSK), and transmitted
reference [4]. BPSK has an advantage over pulse amplitude
and position modulation due to an inherent 3-dB increase in
separation between constellation points. In a study of UWB
single-input single-output (SISO) and multiple-input mul-
tiple-output (MIMO) systems employing direct-sequence (DS)
BPSK, time-hopping (TH) BPSK, and TH-PPM, the two BPSK
systems always outperformed the TH-PPM system. In the
single-user case, TH-BPSK and DS-BPSK showed similar per-
formance, while in the multiuser case DS-BPSK outperformed
both time-hopping schemes [5].

C. Prior Work

Pulse-based transmitter architectures can be broadly grouped
into two categories defining how the pulse energy is generated
in the 3.1–10.6-GHz UWB band.

1) The first category includes transmitters that generate a
pulse at baseband and up-convert it to a center frequency in
the UWB band by mixing with a local oscillator (LO) [6],
[7]. The transmitter may not have an explicit mixer that
performs the up-conversion mixing. This architecture is
easiest identified by having an LO at the center frequency
of the pulse. The transmitters characterized in this paper
fall into this category.

2) The second category includes transmitters that generate a
pulse that directly falls in the UWB band without requiring
frequency translation. The pulsewidth for these types of
transmitters is usually defined by delay elements that may
be tunable or fixed, as opposed to oscillators. A baseband
impulse may excite a filter that shapes the pulse [8], [9],
or the pulse may be directly synthesized at RF with no
additional filtering required [10], [11].

The up-conversion architecture generally offers more diver-
sity and control over the frequency spectrum, but at the cost of
higher power since an LO must operate at the pulse center fre-
quency. This architecture is usually found in high data-rate DS
communication systems, where the pulse shape and center fre-
quency must be well defined [6], [7].

For most transmitters, the radiated frequency spectrum is de-
fined by the shape of the pulse. Approximations to a Gaussian
pulse shape and its derivatives are common due to their favor-
able time and frequency response. The analog approach to a
Gaussian pulse generator is to use translinear and exponential
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circuits to perform mathematical operations in the analog do-
main that result in a Gaussian shape [12], [13]. Derivatives of a
Gaussian pulse may be generated with a second-order bandpass
filter acting as a differentiator. Other approaches approximate
a Gaussian pulse by shaping with a bank of gm-C filters [8] or
by switching a reactive load and using the transient response for
shaping [9]–[11].

A -shift BPSK transmitter has been reported that syn-
thesizes baseband pulses by summing weighted currents at a
sample rate of 4 GS/s. The and pulse trains are then up-con-
verted to a 4-GHz center frequency [6]. A sinusoidal mono-
cycle pulse generator has been reported that generates pulses by
gating an LO on for one complete period of the LO frequency.
Thus, the spectrum of the transmitted pulse is centered on this
frequency. This transmitter supports both BPSK and PPM mod-
ulation schemes at a PRF of 1.625 GHz [7].

II. PULSED-UWB MEASUREMENTS

The measurement procedure for pulsed-UWB signals varies
from that for narrowband signals. There are two distinct regions
in which the measurement results obtained with a spectrum ana-
lyzer (SA) follow different trends for peak and average measure-
ments of modulated and repetitive (unmodulated) pulse trains.
These two regions are defined by the ratio of the SA resolution
bandwidth (RBW) to the PRF. One must be conscious of this
ratio in order to correctly interpret measured results. This sec-
tion presents a tutorial on calculations for approximating spec-
tral measurements of pulsed signals with an SA [14], [15]. The
expressions given are for peak and average power levels mea-
sured at the center frequency of the pulse, assuming that this
is the maximum value. These calculations are used to analyze
measured results from the pulse generators in Sections IV and
V. The SA used for all measurements is an Agilent 8564EC.

A. Pulse Desensitization Correction Factor

For narrow pulses defined by a pulsewidth PW RBW,
the IF filter of the SA cannot completely respond to the pulse.
In this case, the SA measures the pulsed response of its IF filter,
rather than the pulse itself. Thus, a pulse desensitization correc-
tion factor (PDCF) is defined to relate the peak power measured
by an SA to the actual peak power of the pulse [14]. There are
several restrictions described in [14] on the setup of the SA to
ensure accurate results when applying the PDCF.

The PDCF depends on the shape of the pulse. In order to
accommodate arbitrary pulse shapes, the envelope of the RF
pulse can be approximated by a rectangular pulse with the same
peak voltage and area as the arbitrary pulse shape. The effective
width of the rectangular pulse is calculated by

PRF

(1)

Fig. 1. Definitions for pulse and equivalent rectangular pulse of width � .

where is an arbitrary pulse shape and is the peak voltage
of the pulse as shown in Fig. 1 [14]. The measured peak power
of a pulse train without modulation is related to by

PDCF (2)

The PDCF is defined for the low- and high-PRF regions in Sec-
tion II-C, and is the characteristic impedance.

B. Modulated Power Calculation

The average power of a pulse train modulated by a random
sequence of data can also be calculated from the actual peak
power of a pulse. The derivation can be readily found in com-
munication textbooks, therefore only the result is repeated here.
The power spectral density for a 1- load in W/Hz is given by

PRF (3)

where is the Fourier transform of the pulse voltage wave-
form. For the rectangular pulse with effective pulsewidth ,
the average power spectral density of a modulated pulse train is
calculated by

PRF RBW

(4)
In a study conducted on several UWB transmitters [15], it was

reported that a measurement using an SA with an rms average
detector provides the most accurate average power reading. The
rms detector is more robust to the UWB signaling schemes than
the logarithmic average typically used for narrowband average
power measurements. In one case of pulsed measurements, the
logarithmic average under-reported the rms average power by
10–15 dB.

C. Measurement Trends in Low-/High-PRF Regions

The measurement of peak and average power for modulated
and repetitive pulse trains can be divided into two regions. These
are defined by the ratio of RBW to PRF being greater or less
than 1. This section summarizes the measurements in these two
regions. At the transition region around where PRF RBW,
the measured spectrum is highly dependent on the modulation
and SA filter response and is therefore more difficult to predict
[15].



WENTZLOFF AND CHANDRAKASAN: GAUSSIAN PULSE GENERATORS FOR SUBBANDED UWB TRANSMITTERS 1649

1) Low-PRF Region RBW PRF : In this region,
pulses are spaced far enough apart in time to allow the output
of the IF filter in the SA to return to zero between each pulse.
Because of this, the peak and average measurements are inde-
pendent of whether modulation by random data is applied or
not, therefore and . Av-
erage power is calculated from (4).

The peak power in the low-PRF region (modulated or unmod-
ulated) measured by the SA can be approximated by (2), where

PDCF RBW (5)

and relates the RBW frequency to an effective IF band-
width for pulsed signals [14]. The value of depends on
the SA used and varies from 1.5 to 1.617. The peak power mea-
surement is independent of PRF and has a dependence
on RBW and .

2) High-PRF Region RBW/PRF : In this region,
the RBW is sufficiently narrow such that a “line spectrum” of
impulses spaced at the PRF is visible on the SA for a repet-
itive pulse train of identical pulses. Peak and average power
measurements are effected by modulation in this region. The
average power of a repetitive pulse train is equal to the peak
power, . The unmodulated peak (and av-
erage) power measured by the SA can be approximated by (2),
where

PDCF PRF (6)

has a dependence on PRF and , and is
independent of RBW.

For modulated signals that are similar to Gaussian noise, the
measured average power is given by (4). The measured peak
power will be 7–11 dB above the average power level, statisti-
cally depending on the amount of time the peak measurement
is taken over [15]. Both peak and average power of modulated
signals follow a dependence on RBW and PRF in the
high-PRF region.

D. Experimental Verification

To illustrate the measurement trends for each region, var-
ious measurements were performed on a rectangular pulse train.
BPSK modulated pulses were generated with an arbitrary wave-
form generator and up-converted to a 5-GHz center frequency.
An instantaneous peak pulse amplitude of 50.8 mV was mea-
sured with an oscilloscope. The pulsewidth was 50 ns, which
is equal to since the pulse is rectangular. The RBW was
varied from 10 kHz to 2 MHz, and the PRF varied from 100 kHz
to 2 MHz. Plots of the measurements spanning the low- and
high-PRF regions are shown in Fig. 2.

Peak power was measured with the SA positive peak detector,
a video bandwidth (VBW) of 3 MHz, and a sweep time of 1 s.
The measurements for modulated and unmodulated peak power
matched very well with the predicted values and followed the
predicted trends for varying PRF and RBW in their respective
regions.

Fig. 2. Measurements of a rectangular pulse up-converted to 5 GHz with � =

50 ns and PRF = 100 kHz and 2 MHz. For each measurement, RBW is swept
from 10 kHz to 2 MHz.

Average power was measured with the SA detector in sample
mode, a VBW of 3 MHz, and the sweep time set to auto. An rms
detector was not available for these measurements. The noise
marker featured on the SA was used to measure the average
power of the modulated signal, which is similar to Gaussian
noise. This marker displays the logarithmic average of trace
points around a selected frequency, and corrects for errors due to
averaging and a wider effective RBW [16]. The results matched
with calculations except for the RBW/PRF region, where
the power was under-reported by up to 12 dB. These results are
similar to those found in [15], where the logarithmic average
was found to under-report the average power by 10–15 dB for
low duty-cycle impulsive signals. An rms detector was reported
not to suffer from this problem. Average power follows the ex-
pected PRF RBW trend in both regions.

III. SYSTEM ARCHITECTURE

The following sections presents two pulse generators de-
signed for a custom UWB transceiver. This architecture uses
pulse-based BPSK modulation, where information is encoded
as a pulse with either positive or negative polarity [17]. The
maximum PRF supported is 100 MHz. Data are represented
with 31 pulses per bit during the packet preamble and one
pulse per bit during the packet payload. The maximum data
rate is therefore 100 Mb/s. The baseband pulse train is up-con-
verted to one of 14 evenly spaced, 528-MHz-wide channels
in the 3.1–10.6-GHz UWB band. This frequency plan has
been adopted from an 802.15.3a proposal, with the exception
that fast frequency hopping is not implemented [18]. A block
diagram of the architecture is shown in Fig. 3.

The receiver performs I/Q direct conversion to baseband,
where the received signal is sampled by dual 5-b 500-MS/s
analog-to-digital converters (ADCs). Coarse acquisition,
channel estimation, fine tracking, and demodulation are all
performed in the digital baseband. A mostly digital architecture
was chosen for greater flexibility, however, performing corre-
lations in the analog domain can result in lower power [19].
Amplitude and timing matching between transmitted positive
and negative BPSK pulses are critical to the quality of service.
Mismatch between pulses affects the coarse acquisition and
demodulation algorithms. The linearity requirement in the
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Fig. 3. 100-Mb/s 14-channel UWB system architecture.

Fig. 4. ECL pulse generator and level shifter for the discrete pulse generator.
On every falling edge of the input clock, a negative pulse is generated with an
effective width of � = 2:4 ns.

transmitter is relaxed since the receiver records the pulse shape
before demodulation.

IV. DISCRETE PULSE GENERATOR

A transmitter has been built using commercial off-the-shelf
discrete components as part of a complete prototype transceiver
[20]. It is designed for BPSK modulation of pulses at a vari-
able PRF of up to 50 MHz. Pulses are up-converted to a center
frequency of 5.355 GHz. The maximum data rate supported is
50 Mb/s. Individual packets are downloaded from a PC to the
transmitter in real time over a USB interface.

A. Hardware Description

The architecture of the transmitter is similar to the custom
chipset architecture shown in Fig. 3. Baseband pulses are gener-
ated by the circuit shown in Fig. 4. A transistor–transistor logic
(TTL)-level clock operating at the PRF is converted to 3.3-V
emitter-coupled logic (ECL) levels. The inverted clock and a
delayed clock are inputs to an AND gate, the output of which is
a pulse on every falling edge of the input clock. The pulsewidth
is set by an RC filter between two ECL buffers. The output of
the ECL AND gate is at 1.6–2.4-V levels; therefore, a high-speed
inverting level shifter is used to bring the pulse down to 0 V.

The baseband pulses are then modulated and up-converted
to a center frequency of 5.355 GHz using the circuit shown in
Fig. 5. Depending on the data bit, the pulse is switched to either
the positive or negative input of a differentiating amplifier using
high-frequency analog switches. When each switch is in the OFF

position, it terminates the input of the amplifier to ground. Both
switches are turned off to put the transmitter in an idle state
outputting no pulses. This state can also be used to vary the PRF.
The output of the amplifier is a BPSK modulated pulse train

Fig. 5. Schematic of the modulation and up-conversion circuit for the discrete
pulse generator.

Fig. 6. Plot of the input clock and switch signals for the discrete pulse generator
at a PRF of 50 MHz. The pulses are sampled at the input to the up-conversion
mixer.

which is attenuated and up-converted to 5.355 GHz by a passive
mixer. An offset adjustment is provided at the positive input
of the amplifier to correct for offsets at the input of the mixer.
This adjustment is necessary to minimize LO feedthrough to the
antenna.

B. Experimental Results

A screen capture of the discrete pulse generator in operation
is shown in Fig. 6. The top trace is the input clock of 50 MHz,
and the two traces beneath the clock are the switch input signals

and . The bottom trace is the pulse train measured at the
input to the mixer and after the attenuator. This pulse train is
subsequently up-converted to a 5.355-GHz center frequency.

The spectrum of the pulses has a 10-dB bandwidth of
550 MHz. The effective rectangular pulsewidth is 2.4 ns,
which is calculated from the frequency of the first null in the
measured spectrum by . The peak
voltage of the up-converted pulse is 104 mV. These measured
values were used in the equations from Section II to calculate
peak and average power levels, which are compared to the
spectrum measurements in Table I. The peak and average mod-
ulated measurements were taken with the transmitter outputting
250 kb of pseudorandom data. Measurements were made at
50-MHz and 50-kHz PRF to demonstrate the accuracy of the
calculations in the low- and high-PRF regions.

V. INTEGRATED TANH PULSE GENERATOR

A transmitter has been fabricated in a 0.18- m SiGe
BiCMOS process as part of the custom chipset for a 100-Mb/s
pulse-based UWB transceiver discussed in Section III [21],
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TABLE I
DISCRETE TRANSMITTER MEASUREMENT RESULTS

Fig. 7. BJT differential pair and input voltage waveform for generating a tanh
pulse.

[22]. The transceiver architecture is shown in Fig. 3. The goal
of this work was to design a low-power UWB transmitter that
emits Gaussian-shaped pulses due to their desirable time and
frequency response. By exploiting the exponential behavior
of a BJT, the Gaussian pulse can be accurately approximated
with an elegant analog circuit that simultaneously performs
up-conversion mixing to the 3.1–10.6-GHz band. Pulses are
up-converted to one of 14 channel center frequencies. The
center frequencies are set by

MHz (7)

where .

A. Tanh Pulse Shaping

The transmitter uses a differential pair of BJTs with a triangle
signal input to generate and shape a pulse of one polarity, which
is shown conceptually in Fig. 7. For the proper choice of , PW,
and , the current will have a shape that approximates that
of a Gaussian.

For a fixed bias current , the collector currents in the dif-
ferential pair are approximately related by

(8)

By substituting terms into the exponential equations for col-
lector current of a BJT, it can be shown using hyperbolic iden-
tities that the collector current is described by

(9)

where is the thermal voltage, equal to .
The output current of the differential pair will be a pulse

with tanh-shaped rising and falling edges for the triangle input
signal shown in Fig. 7. Note that the axis is normalized to

, which is the argument of the tanh function in (9). Cur-
rent is not used and can be terminated to the power supply.

Fig. 8. Mean squared error contours and minimum error point for � = 1:0,
V = 1:0.

The pulse is simultaneously up-converted to the UWB band by
additionally modulating the tail current with an LO. Further-
more, BPSK pulses are generated by inverting the LO signal in
the tail current.

This architecture has several benefits, which are: 1) the input
signal begins and ends at the same level; thus, there is no
“reset” phase required as in differentiating pulse generators,
eliminating transients; 2) positive and negative pulses can be
generated with the same triangle input signal and inverted LO
to improve matching, which is difficult to achieve with com-
plementary circuits; 3) up-conversion is performed by adding
an LO signal to the tail current and, thus, no additional
mixer is required; and 4) the triangle signal can be generated
with well-known techniques, and the accuracy of the Gaussian
approximation is not sensitive to small deviations in the values
of and PW.

B. Optimization

The optimal values for , PW, and were found by
sweeping each variable and searching for the minimum
mean-squared error (MSE) between the resulting tanh-shaped
pulse and the Gaussian pulse given by

(10)

The energies of the two pulses are equalized before calcu-
lating the MSE. A contour plot of the MSE is shown in Fig. 8
for and . The diamond indicates the values
of and PW, resulting in the minimum MSE. A plot of the cor-
responding tanh-shaped pulse for the minimum MSE point is
compared with a Gaussian reference pulse in Fig. 9. The time-
and frequency-domain responses are shown. The side lobes of
the tanh-shaped pulse are 45 dBr. The results of the parameter
optimization are as follows.

1) Normalized Amplitude : The amplitude normalized to
does not vary with and varies linearly with for

. The equation for setting is

(11)
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Fig. 9. Time and frequency response of the optimized tanh pulse for � = 1

and V = 1:0.

Fig. 10. BPSK UWB transmitter block diagram.

2) Pulsewidth : The pulsewidth is proportional to and
varies linearly with for . The equation for setting
PW is

PW (12)

3) Normalized Offset : The offset normalized to
does not vary with and should be greater than 1.0 for best re-
sults. Making it arbitrarily large does not improve the response,
and it should remain within the biasing constraints of the circuit

(13)

As shown in Fig. 8, the minimum MSE between the tanh
and Gaussian pulses is broad. This relaxes the requirements on
the circuitry used to generate the triangle signal. It also relaxes
the dependency of the pulse shape on temperature through .
Varying temperature over a range of 0 C–85 C (28% of Kelvin)
results in an 11% variation in bandwidth and 0.2 dB in peak
power for the pulse shown in Fig. 9.

C. Transmitter Architecture

A block diagram of the transmitter is shown in Fig. 10. The
triangle signal is implemented off-chip but is suitable for inte-
gration. To generate BPSK pulses, the triangle signal is switched
to either the positive or negative input of the mixer. The inactive
mixer input is simultaneously switched to a constant voltage.
The same triangle signal is used to generate both polarity pulses
to improve matching between pulses. The triangle signal switch
also has an off state to implement variable PRF or a standby

Fig. 11. Schematic of the tanh pulse-shaping UWB mixer.

Fig. 12. Schematic 3.1–10.6-GHz filter and PA.

mode. The up-converted pulse is filtered and amplified on-chip
before being dc-coupled to the off-chip UWB antenna.

D. Circuit Description

A schematic of the tanh pulse-shaping mixer is shown in
Fig. 11. At the core are two tanh-shaping pulse generators made
by transistors and . The tail currents of the pulse
generators are modulated by LO signals. This enables simulta-
neous pulse shaping and up-conversion mixing. The LO signals
to the two pulse generators are 180 out of phase, giving the in-
version for BPSK pulse generation.

The LO signal is generated on-chip or can be switched to an
external source and can be tuned from 3.1 to 10.6 GHz. The
LO signal path is balanced to ensure equal amplitudes and 180
phase difference between the differential signals. The differen-
tial LO signals are converted to a current and mirrored, along
with a bias current, into the tails of the two differential pairs.

Up-converted positive or negative pulses are generated by
applying the triangle input signal to or , respectively.
The triangle signal voltage is relative to , which is at a
fixed potential. Applying the triangle signal to with the
bases of fixed reduces unwanted signals from coupling
to the output. The output currents of the differential pairs are
summed at node . This provides first-order cancellation
of LO feedthrough, similar to a double-balanced Gilbert cell
mixer.

A schematic of the UWB band select filter and power ampli-
fier (PA) is shown in Fig. 12. The mixer output is fed into the
filter made by , , and , providing a second-order roll-off
below 3 GHz to reduce out-of-band emissions. The simulated
frequency response of the mixer and filter is plotted in Fig. 13.
The signal is then buffered and ac-coupled to the PA. The PA is
class A, with an RF choke at the output, and can be dc-coupled
to the antenna.
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Fig. 13. Simulated ac response of the LO path through the mixer and filter.

Fig. 14. Unmodulated peak power matching between positive and negative
pulses.

E. Experimental Results

The transmitter was fabricated in a 0.18- m SiGe BiCMOS
process, and packaged in a 48-lead MLF/QFN package which is
a wire-bonded package. Due to a resonance with the bondwires
at the input of the mixer, the pulses generated in channels 6–10
were distorted and did not have a Gaussian shape. An external
LO was used as the center frequency of the pulses for all mea-
surement results.

The matching between positive and negative pulses was eval-
uated at each of the center frequencies by measuring the peak
power and bandwidth of a train of all positive or all negative
pulses. An external LO was used to set the center frequency
of the pulses, with an on-chip, single-to-differential converter
to generate the differential LO used for inverting pulses. This
converter has inherent mismatch in its differential outputs that
varies with frequency, which can directly lead to mismatch be-
tween positive and negative pulse amplitudes. The spectral mea-
surements fall into the high-PRF region for a PRF of 100 MHz
and RBW of 1 MHz; therefore, a line spectrum is observed for a
repetitive pulse train and peak power levels are independent of
RBW. The measurements of peak pulse power in each channel
are shown in Fig. 14. The undistorted pulse responses demon-
strated matching better than 2.5 dB.

The peak voltage of the RF pulse envelope was mea-
sured at each center frequency with a high-speed sampling os-
cilloscope. The effective pulsewidth was approximated from the
spectrum measurement by . This was
used in (2) and (6) to predict the measured peak power level. The
calculated and measured results can be compared in Fig. 15.

Fig. 15. Plot of the pulse power levels in the 14 UWB channels. Peak power
reported is with no modulation. Modulated peak power is expected to be 11 dB
above modulated average power.

Fig. 16. Measured pulse modulated by a 4.0-GHz external LO.

TABLE II
TRANSMITTER SPECIFICATIONS SUMMARY

Each peak power data point is the rms average of the nega-
tive and positive pulse powers at that center frequency. There
is very good agreement between the calculated and measured
peak powers. This peak power is of an unmodulated pulse train.

The average power of a pulse train modulated with random
data is calculated using (4) with measured data and plotted in
Fig. 15. This data is based on an rms average of the positive
and negative pulse peak power levels. The 41.3-dBm/MHz
FCC limit is exceeded in some channels using nominal biasing;
however, this can be corrected by reducing the gain adjust-
ment in the power amplifier. The modulated peak power is
expected to be 11 dB above the average power and follows a

RBW trend in the high-PRF region [5]. For a 2-MHz
RBW, the calculated peak power does not exceed the FCC limit
of 28 dBm when the 41.3-dBm/MHz average power limit
is not exceeded.
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Fig. 17. Die photograph of the transmitter with a tanh-shaping pulse generator.
The dimensions are 1.7 mm � 1.4 mm.

A measured pulse with a center frequency of 4 GHz is shown
in Fig. 16 as an example of an up-converted tanh-shaped pulse.
Table II provides a summary of the pulse generator specifica-
tions. A die photograph of the transmitter is shown in Fig. 17.

VI. CONCLUSION

The measurement results from a spectrum analyzer for peak
and average power of modulated and unmodulated pulse trains
depends on the ratio of RBW to PRF. For typical high data-rate
transmitters, RBW/PRF , and therefore peak and average
power of a modulated pulse train have a dependence on
PRF and RBW. Calculations of peak and average power can be
made from the peak voltage and effective pulsewidth. Spectral
measurements for a discrete pulse generator and custom inte-
grated pulse generator match well with these calculations.

A transmitter built from discrete components has been pre-
sented for use in a UWB prototyping platform. The transmitter
communicates with BPSK pulses and a variable PRF up to
50 MHz. Pulses are up-converted to a 550-MHz band centered
on 5.355 GHz.

A technique for generating pulses that accurately approxi-
mates a Gaussian shape has been presented. By exploiting the
exponential properties of a BJT, a near-Gaussian pulse is shaped
from a triangle input signal. Pulse shaping is integrated into the
mixer, performing up-conversion and shaping in one simple cir-
cuit. The tanh pulse generator has been fabricated in a 0.18- m
SiGe BiCMOS process. Pulse shaping is limited in channels
6–10 due to parasitics on the mixer input. Matched BPSK pulses
and near-Gaussian pulse generation has been demonstrated at a
PRF of 100 MHz in all other channels.
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