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Abstract—This paper introduces an efficient radar transmitter
with improved spectral confinement, enabled by a pulse wave-
form that contains both amplitude and frequency modulation.
The theoretical behavior of the Class-B power amplifier (PA)
under a Gaussian envelope is compared to that of a Class-A PA.
Experimental validation is performed on a 4-W 10-GHz GaN
monolithic microwave integrated circuit PA, biased in Class B
with a power-added efficiency (PAE) of 50%. When driven with
a Gaussian-like pulse envelope with a 5-MHz linear frequency
modulation (LFM), the PA demonstrates a 31% average efficiency
over the pulse duration. To improve the efficiency, a simple res-
onant supply modulator with a peak efficiency of 92% is used
for the pulse Gaussian amplitude modulation, supplemented by
pre-distortion on the PA input, while the LFM is provided through
the PA input. This case results in a five-point improvement in
system efficiency with an average PAE = 40% over the pulse
duration for the PA alone, and with simultaneous 40-dB reduction
in spectral emissions relative to a rectangular pulse with the same
energy.

Index Terms—Author, please supply index terms/keywords for
your paper. To download the IEEE Taxonomy go to http://www.
ieee.org/documents/taxonomy_v101.pdf.

I. INTRODUCTION

OST PULSED radar systems operate with constant am-

plitude pulses, where the power amplifier (PA) is biased
in Class C to optimize efficiency [1]. However, the use of a
Class-C PA limits the pulsed waveform to rectangular shapes
because of the high nonlinearities inherent to this mode of op-
eration, resulting in poor spectral characteristics due to fast rise
and fall times of the PA. Radar spectral emissions are regulated
by the National Telecommunications and Information Admin-
istration (NTIA) in the Radar Spectrum Engineering Criteria
(RSEC) [2]. Emissions are regulated by a mask similar to what is
shown in Fig. 1. The in-band and out-of-band emissions depend
on radar characteristics such as pulse width and time-bandwidth
product. The taper describing the out-of-band emissions is de-
fined by a specific function with —40- and —60-dB levels at the
edges of the band. The exact limits and widths of the regions are
different for different classes of radar, but the spurious region
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Fig. 1. Demonstration of RSEC for pulsed radar. The in-band and out-of-band
bandwidths depend on characteristics such as pulse width and time-bandwidth
product. The regulation on spurious emissions is —60 dB relative to peak power
for this figure, but they can be as severe as —80 dB.

can have limits as strict as 80 dB below peak power. Various
techniques have been used to improve the spectral confinement
of pulsed radars, such as slowing down the rise and fall times at
the cost of PA efficiency [1], or filtering at the expense of addi-
tional insertion loss in the high power filters.

The need for more bandwidth of wireless systems is begin-
ning to impose more stringent requirements on radar emissions
[3], [4]. Radars that operate in an increasingly congested spec-
tral environment need to start behaving more like communica-
tions transmitters. Recently, there has been increased activity in
improving the spectral properties of radars while maintaining
the efficiency, e.g., optimizing the load of the PA for maximum
efficiency compliant with a given adjacent channel power ratio
(ACPR) [4], or applying weighting functions at the waveform
generation level [5]. Envelope amplitude modulation was exper-
imentally investigated in [5] and [6] in an out-phasing PA with
up to 3-dB peak-to-average ratio waveforms and no system ef-
ficiency reported.

This paper demonstrates another method for efficient spec-
trally compliant radar transmitters, illustrated in Fig. 2. An effi-
cient PA at the carrier frequency (10 GHz in this work) is driven
by a frequency-modulated (FM) signal (5-MHz bandwidth in
this work). The output stage supply voltage of the PA is ampli-
tude modulated, resulting in an approximately Gaussian shaped
chirped pulse at the output of the PA. A digital block at the
input generates the switching times for the supply modulator,
as well as the pulsed baseband signal. The pulse is rectangular
and shaped by the modulated drain voltage, as with a direct polar
modulator [7], [8], but pre-distortion of the pulse is required for
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Fig.2. Block diagram of a radar transmitter with the pulse envelope modulated
by a resonant supply modulator.
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Fig. 3. Comparison of the spectra of R(¢) and G(¢) normalized to the peak
power of R(t). The spectrum of G(t) is completely confined within the main

lobe of R(%) without any sidelobes. The rectangular pulse has spectral sidelobes
13 dB below the peak power and high out-of-band emissions.
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a Gaussian output. The baseband signal is generated by an Ag-
ilent N8241A arbitrary waveform generator and up-converted
to 10 GHz with an Agilent E8267D signal generator. The PA
output signal is characterized with an Agilent N9030A signal
analyzer, which has both time- and frequency-domain capabili-
ties.

Fig. 3 illustrates the spectral benefit of using a Gaussian enve-
lope compared to a rectangular pulse. A Gaussian pulse contains
all of its power within a single main lobe and is more suited to
fit inside an RSEC mask than a rectangular pulse with high side-
lobes. The Gaussian pulse shape is given by

() 1 —(t—w? 0
= é 20
g V2ro?

where p is the mean, ¢ is the standard deviation, and it is nor-
malized so that the integral of the pulse from minus to positive
infinity is one. Since the Gaussian expands to infinity in both
directions, it is not technically a pulse. We therefore modify the
definition to

2
(32¢/4.51Tp)>

G(t) = {AleT,

[t| < 4.51 % 2)
0, otherwise
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where A; is a scalar describing the maximum pulse voltage
amplitude and 7}, is the pulse width of the rectangular pulse
R(t). The Gaussian pulse is 4.51 times wider than the rectan-
gular pulse so that it has the same total energy as the rectangular
pulse, ensuring similar range performance. The pulse is centered
around zero (i.e., 4 = 0), and is chosen somewhat arbitrarily to
fit four standard deviations within the pulse, containing 99.95%
of the total energy of (1).

Section II discusses PA behavior under amplitude-modu-
lated pulse operation and motivates the PA design used in
experiments and simulations. Section III details the desired
amplitude modulated waveform properties and tradeoffs.
Section IV describes the design of the supply modulator that
gives the desired waveforms. Finally, Section V gives results
on an X-band monolithic microwave integrated circuit (MMIC)
PA with supply-modulated chirped pulse waveforms.

II. PA EFFICIENCY FOR A GAUSSIAN PULSE

This section shows the theoretical efficiency for two classes
of amplifiers under variable amplitude signal operation and a
path to efficiency improvement. Typical radar PAs are biased in
Class C for two reasons, which are: 1) it is a very efficient mode
of operation and 2) it is a self-biasing topology [1], meaning the
pulse turns on the amplifier and there is no current draw between
pulses. Biasing below the transistor pinchoff voltage, as is done
with Class C, results in high efficiency for rectangular pulses,
but is not suitable for amplitude-modulated pulses.

To understand the effects of using a Class-C amplifier, con-
sider an ideal amplifier, similar to what is described in [7], that
has a drain current

iq(t) = gm (Va + V1 cos(wt)), (Ve + V1 cos(wt)) >=0
=0,{(Vg + V1 cos(wt)) < 0 (3)

where Vp is the dc bias voltage applied to the gate, V3 is the
amplitude of the fundamental voltage at frequency w, and gy, is
the transconductance. For the sake of simplicity, we assume that
iq(t) is normalized to the maximum current, Iyax, and g,, = 1
A/V. Fig. 4 shows the Gaussian envelope current of a PA bi-
ased progressively deeper into cutoff. Decreasing Vg, thus bi-
asing lower in Class C, results in sharper tails for the Gaussian
pulse. This is undesirable distortion, which also degrades the
spectrum.

Since Class C is not viable for waveforms with Gaussian en-
velopes, we show the impact of amplifier class on efficiency for
Class A and Class B. Consider the definition of drain efficiency

P, _ IRy

- 2L 4
K Phe  2Vppl X

where I; is the magnitude of the RF current at the fundamental
frequency, Ry is the load resistance and is set to the Class-A and
Class-B optimal values of Viyay / Imax, Vpp is the drain supply
voltage, and I is the average drain current [9]. For a Class-A PA
bias, the quiescent drain current and voltage are Inc = Iiax/2
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Fig. 4. Shape of the output Gaussian pulse from an amplifier biased at
or below pinchoff. The Gaussian shape is perfectly maintained in Class B
(Ve = 0V, V1 < 1V). As the bias voltage is more negative, the tails of the
Gaussian become sharper and thus distort the pulse. The pulse is normalized to
the pulse width, 7}, of a rectangular pulse containing the same energy.

and Vpc = Vinax/2, respectively. The efficiency for any enve-
lope can be found by substituting

[ 2 t Irnx In’lX
Asin(%)—&- 2 }dt:—a 5)

2 2

[ 2t . 2nt B
_Asm <T> sin (T)} dt=A4 (6)

into (4), where A is the current envelope amplitude. The result
is

2A2 Imax
nClassA(A) = g, for0 < A< 5 (7)
The same procedure can be followed for Class B to obtain
T
1 /2 27t A
Iy(4) = = Asin | — |} dt = —
o(4) T ), sm( T ) - ®)
T
2 [Z 27t 2t A
L(A) = :7/02 [Asin <%> sin (%)] dt="2 )
and
Am
"YCIaSSB(A) = 4] ’ for 0 S A S Ima,x' (10)

These results show that Class-A amplifier efficiency de-
creases quadratically with decreased amplitude while the
Class-B efficiency only decreases linearly. Both of these classes
have their dc voltages set for the maximum output power. If
both classes of PAs had an adjustable voltage supply that allows
for full voltage swing at a particular power level, it would result
in a decrease in consumed dc power, and thus an improvement
in efficiency. This adjustable supply voltage can be expressed
as

Vop = I1(A)Ry, (11)
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Fig. 5. Efficiencies of amplifier classes as a function of envelope current nor-
malized to maximum fundamental current amplitude for the class (i.€., Tmax /2
for Class A and Imax for Class B). Both constant-supply and supply-modu-
lated (SM) conditions are shown. The supply-modulated Class-B PA includes
the losses associated with the knee voltage so it does not reach the theoretical
peak efficiency of a Class-B PA at peak amplitude.

and substituted into (4) find efficiencies

A Imax
for0 < A<

- Imax, 2
w
- for0 < A < Inax

(12)
(13)

TlClass A (SM) (A)
TNIClass B (SM) (A) = 1

where subscript (SM) indicates supply modulation and the effi-
ciency does not include any losses of the supply modulator. The
Class-A amplifier is improved by envelope tracking in that its
efficiency decreases linearly with amplitude, but the maximum
remains at 50%. The Class-B ideal efficiency always remains
at 78%; however, this does not include the impact of the knee
voltage of the transistor. When the knee voltage, V4, is taken
into account, the efficiency becomes

Vinax—=Vi
kA

NclassB (sm) (4) = (14)

Vma;ﬂ Vi A 4 Vi IT:-nax
In the TriQuint 150-nm GaN on a SiC process used for experi-
mental demonstration in this paper, the knee voltage is between
3 and 4 V and the nominal drain supply voltage is 20 V, resulting
in Viax = 40 V. The efficiencies of these four modes of opera-
tion are shown as a function of signal amplitude in Fig. 5 and can
be calculated over the duration of a Gaussian pulse, as shown in
Fig. 6. The efficiency plotted in Fig. 6 shows the instantaneous
efficiency, which penalizes the Class-B PA for low signal levels
even though little dc power is being used. For this reason, it is
helpful to calculate the average efficiency of the pulse, which
factors in the total output power and total supplied power and is
defined as

T, :
5 [(G(1)* Ry dt

(15)

Mpulse = T
f_f}; 2Vpp(G(t))1o(G(1))dt

where T, = (4.51T,)/(2). The pulse efficiency metric calcu-
lates the average output power over average dc power for the
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Fig. 6. Instantaneous efficiencies of amplifier classes over the duration of a
Gaussian pulse.

entire pulse and is 11.1% for Class A, 15.7% for SM Class A,
55.5% for Class B, and 62.6% for SM Class B. This shows im-
provement in the efficiency for the Class-B cases, which do not
use dc power when there in no output power. This analysis mo-
tivated our choice of a Class-B MMIC PA used in the validation
experiments in Section V.

III. RADAR PULSE WAVEFORM DESIGN

The Gaussian-like pulse defined in (2) can be modified to in-
clude frequency modulation. The modulation used in this work
is linear frequency modulation (LFM), also known as a chirp,
which sweeps the immediate frequency from below to above
the center frequency [10]. The frequency can also be swept
down, but an up-chirp is used for this research. The baseband
center frequency is zero, and shifts to the carrier frequency when
up-converted. The definition of this waveform is

inpt?

Cpr, () = f(t)e ™ (16)

where 8 is the chirp bandwidth in hertz. The chirp is defined
from negative to positive infinity and relies on f(¢)} to limit
its energy. For this work, f(¢) is either a rectangular pulse or
Gaussian pulse, and 3 is the bandwidth swept within T;,. The
convention here is to define the waveform as either Rgr, (¢) or
Gsr,(t), where the name specifies the envelope and 31}, de-
fines the unitless time-bandwidth product. The presence of the
chirp broadens the main lobe of the waveform spectrum propor-
tionally to the value of 8T5,.

FM is used in radar to improve the range resolution, which is
a measure of how well closely spaced targets can be separated,
and is calculated at the output of the receive filter. Range reso-
lution can be deduced as the time between the half-power points
of the receiver matched filter response, where received signals
are filtered by h(t) with the convolution integral

so(t) = /OQ s(T)h(t — 7)dT.

—

(17)
In the above equation, s(¢) and s,(¢) are the input and output

signals of the filter, which is described as

h(t) = Ks*(to — 1) (18)
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Fig. 8. Range resolution for both Rgr,, (t) and G s, (t) with 37, = 10 and
BT, = 7.6, respectively. Both achieve a tenfold improvement over R(t) with
the same T}, but the Gaussian chirp does not have the time sidelobes. In range

resolution plots, the time scale can be converted to meters by multiplying with
Tpe/2.

where K is a a constant, (*) is the conjugation operator, and ¢ is
the two-way propagation delay to the target. The matched filter
can be thought of as a delayed mirror image of the transmitted
signal [11]. A high level block diagram of a radar is shown in
Fig. 7 to illustrate the matched filter process. The transmitted
baseband waveform is delayed, time-reversed, conjugated, and
convolved with the received signal to generate the matched filter
response.

By using a chirp, a rectangular pulse can achieve a tenfold
increase in range resolution for 37, = 10 since range resolu-
tion is proportional to the time-bandwidth product. Likewise,
a Gaussian chirp can achieve the same range resolution using
only 8T, = 7.6, as shown in Fig. 8. However, unlike for the
rectangular pulse, the matched filter response of the Gaussian
chirp does not have time sidelobes, which are undesirable arti-
facts of digital processing. Time sidelobes are problematic be-
cause they can create false target returns or mask true targets
with lower power levels. Fig. 9 shows the 57}, required for de-
creasing range resolution requirements for both Rgr, (¢) and
Gpar,(t). For values of 5T, > 5, the ratio of the range reso-
lution for the rectangular to Gaussian envelopes is about 1.3: 1.

The spectra of R19(t) and G 6(t) are compared in Fig. 10. It
is clear that the Gaussian envelope has the superior spectrum be-
cause it is contained in the main lobe without spectral spreading.
From this analysis, one can conclude that a Gaussian shaped
chirped pulse can be designed to match the performance of a
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Fig. 10. Calculated spectra of R14(t) and G7.¢(t). Both provide a tenfold im-
provement in range resolution over R(¢) while maintaining the same energy.

chirped rectangular pulse in both the energy and range resolu-
tion, while demonstrating a dramatic improvement in spectral
quality. This analysis assumed that A, is aligned with the peak
power of the PA. Therefore, longer pulses must be used if more
signal-to-noise ratio is desired. An increase in 5 would need
to accompany the wider pulse to ensure the same time-band-
width product and range resolution. A supply modulator can be
used to produce Ggr, (¢) in an efficient manner, as shown in
Section II, resulting in improved spectral properties while sim-
ilar in signal-to-noise ratio and range resolution to Rgr, ().

IV. RESONANT SUPPLY MODULATOR

Supply modulation of RF PAs has recently been applied in
envelope tracking transmitters, e.g., [12] and [13], or to im-
prove operation of outphasing [14] and Doherty PAs [15], [16],
with a primary goal to improve transmitter efficiency for high
peak-to-average ratio signals. In these architectures, the supply
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modulation is typically done with an efficient switching de—dc
converter assisted with a linear amplifier that provides the re-
quired bandwidth [17]. In principle, this approach can be ap-
plied to radar transmitters to generate the Gaussian-type ampli-
tude envelope modulation described in Section III. However,
supply modulators applied to communication signals with high
peak-to-average power ratios (PAPRs) typically cover ampli-
tude values from some Vi to Vinax, where Viin > 0. In
the radar case, the envelope goes to zero between pulses, and
the envelope waveform is known a priori. A simpler approach,
which is also potentially more efficient compared to a more
standard envelope modulator, is a supply modulator based on
a damped resonant circuit, first demonstrated in [18] and [19].
In [18], a 15-us pulse with an approximately Blackman shape
(PAPR = 4 dB) and with no frequency modulation was ap-
plied to a 2-GHz PA and showed about ten-point improvement
in efficiency over a directly driven PA. The modulator in [19]
exhibits a very high efficiency of 90% at 20-V peak voltage.

In this work, we modify the resonant modulator approach
to enable variable width pulses with widths in the 5-10-us
range and with 10-W power. The circuit diagram is shown
in Fig. 11(a), where the switches .57 2 are used to shape the
pulse and S5 turns the pulse off. The modulator circuit has the
following three different states.

1) 57 closed and the other two open; this can be thought of as
the charging configuration since it is providing energy to
the circuit via Vp.

2) The discharging state in which Vp is disconnected from the
circuit by opening S7 while closing S2. This state essen-
tially replaces Vp with a zero volt source, or short circuit.

3) The “off” state, with S>, 53 closed and 57 open. This state
is similar to State 2) in that it disconnects the source, but
the purpose is to remove energy from the circuit as quickly
as possible. It is used at the end of a resonant pulse and the
circuit is left in this state between pulses.

The schematic for States 1) and 2) can be simplified to what
is shown in Fig. 11(b), where R represents the load presented
by the PA and R,, are parasitic resistances in the switches and
lumped elements. The source V' = Vp # O in State 1) and Vp =
0 in State 2). The modulator is operated by cycling from State
1) to State 2) at £; and back to State 1) at £». At 7T}, the circuit
is put in State 3) between pulses. The remainder of this paper
deals with Gaussian-shaped pulses exclusively so T}, assumes
the 4.517, scaling to the rectangular pulse.

The drain voltage and inductor current in Fig. 11(b) can be
written as

’Udd(t) = VD - ‘iL(t)Rp - dr

(19)
and

- dvdd(t) ’l}dd(t)
=—7C+ R

The solution to (19) can be written as

in(t)

(20)

vaa(t) = e *ot/22 (A cos(awot) + Bsin(awpt)) + Vp  (21)

where wy = 1/VLC,Q = 1/((Rp)/({) + (¢)/(R)),a =
1+ (R,/R) — (1/2Q)* with { = /L/C and Vp = 0 in

State 2). Note that lower values of the ) factor result in lower
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Fig. 11. (a) Schematic of the resonant modulator circuit. The circuit uses the
resonance of the inductor and capacitor to shape the waveform applied to the
drain of a PA. Switches S; and S, are used to connect and disconnect the voltage
source. S3 is used to discharge the circuit when the modulator is not in use. (b)
Equivalent circuit for State 1)—S closed, and State 2)—S- closed.

current peaks, and thus lower losses in R,. The coefficients A
and B are solved numerically, subject to boundary conditions of
continuous vgg and its first derivative (soft switching), and sep-
arately for the three states. The solution for the pulse waveform
can now be written as

/Udd(ta t17 tZ)
—e~wot/ 2RV (awot) + Vi
0<i<ty
) ew0t/2Q (A4 cos(awgt) + By sin(awot)) (22)
il <1 <o
e~ 9ot/2Q (A3 cos(awgt) + Bz sin(awot)) + Vp
il <t < Tp

where A5 and B; are dependent on ¢; and As and By are de-
pendent on 5.

To solve for a Gaussian shape, a criterion for optimization is
established by defining times ¢, and teng when vgg(t, t1,¢2)
is at its maximum and minimum values, respectively, and where
the minimum value is at the end of the pulse. These times are
not to be confused with ¢; and ¢3, which specify the times when
the states change. The following three conditions need to be
satisfied:

Udd(tenda tl; t2) =0 (23)
tend - thax (24)
tond = Tp (25)

where T}, is the desired pulse width. To find ¢, and 5, which best
meet (23)—(25), we examine the set of all vgq(t,t1,12), where
0 <ty <ty <71y =271V LC and apply the cost function

J(vaq(tend, t1, t2)) = [vad(tend, 11, 2)]

+|tend - 2tmax‘ + |tend - Tp‘ (26)

to find the set member, which minimizes the scalar
J(vga(tena, t1,t2)). Strictly, tmax and teng should be the roots
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Fig. 12. Varying-length Gaussian-like pulses obtained by optimization of
the switching times. If the circuit elements are kept constant, the decreasing
resonant modulator pulse duration comes at the expense of peak voltage. The
switching times required are shown in Table I.

TABLE 1
IDEAL SWITCHING TIMES FOR PULSES IN FIG. 12
Tp (ps) ty (ps) | ta (ps) t3 (us)
5.0 0.8 4.5 5.2
6.0 1.7 4.6 6.0
7.0 2.9 4.8 6.9
8.0 4.5 5.5 8.0

of dvgg(tena, t1,t2)/dt, but they do not always exist as analyt-
ical solutions, and are here found numerically. The results of
this method are shown in Fig. 12 for a circuit using the following
values: L = 20 uF, ¢ = 100 nF, R = 220 Q, R, = 0.8 €1,
and Vp = 10 V. These results show that Gaussian-like pulses
can be created with the switched resonant circuit. Additionally,
this method allows for the design of pulses where 1), < Tj.
The shorter pulse width comes at the expense of peak voltage,
but this extra degree of freedom is useful when the supply
modulator is connected to a PA, as discussed in Section V.

The circuit is implemented in the NI/AWR Microwave Office
circuit simulator, with switch controls generated at the system
level in Virtual System Simulator (VSS). The same values of
L.C, and R as above are used, it is assumed that the reactive
elements are lossless, and the losses R, are taken into account
with the SPICE model of NDFOSN60ZG power MOSFETs used
to implement the switches. For a 7-us pulse, the times obtained
by optimization result in the waveform shown in Fig. 13 in blue
(in online version), which does not return to zero at the end of
the pulse until the circuit is in State 3). When the switching
times are adjusted to account for parameters that were neglected
before, such as parasitics of the reactive elements, ¢t3 = 5.08 us
is increased by 17% and te,q = 6.78 us is decreased by 1%,
resulting in the adjusted waveform in Fig. 13.

In the circuit simulation, modulator efficiency is measured
over the pulse duration as

fOTp Vioad (t)iload (t)dt
S Viniia (8)dt

n= 27
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Fig. 13. Resulting v44(¢) waveform for a resonant modulator simulated in
AWR with spice switch models. The nonideal characteristics of the switches
change the output waveform shape so the switching times are adjusted to cor-
rect the shape. The black trace shows that the waveform shape can be preserved
even when there is an off time between transitions when both 57 and S, are off
to avoid shorting the voltage source.
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— C=190nF
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Fig. 14. Measured output pulse shape for two values of C into a static 220-Q2
load. For each pulse, t1 and - are changed.

where a4 (t) and 41054(t) are measured at the resistive load
R of the modulator, while Vj, and 4, (¢) are measured at the
voltage source supplying the modulator.

The resulting efficiency for this simulation is only 19%
due to high current spikes during switching times when the
input voltage source is shorted. By introducing 250-ns dead
times during switching, the simulated efficiency improves to
83.4%. The resonant supply modulator is implemented with
L = 22 nH and a dual-switched capacitor C' = 100 nF and C
= 190 nF, included to demonstrate how pulse width can be
digitally modified. Measured results into a static 220-£2 load
are shown in Fig. 14 and summarized in Table II. The measured
efficiencies here serve to confirm modulator functionality since
the PA drain supply impedance is not expected to behave like
a constant resistive load.

V. SUPPLY-MODULATED MMIC PA

Simulations were performed in AWR VSS using the circuit
envelope simulator with a 4-W GaN X-band MMIC biased in
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TABLE 11

SUMMARY OF MODULATOR MEASUREMENTS WITH R = 220 {2

T, (pus) | Measured | Capacitance Peak Voltage | Efficiency
Tp (us) | (F) )

7.0 6.9 100 9.2 51.2%
8.0 8.0 100 11.6 57.3%
9.0 9.1 100 15.6 64.1%
10.0 9.9 190 9.4 40.8%
11.0 10.6 190 13.2 45.8%
12.0 12.1 190 154 52.4%
13.0 13.0 190 18.0 59.3%
14.0 14.0 190 18.0 55.2%

PAE (%)
Gain (dB)

Peak Operating
Point
(o]

=" .... Simulated PAE (L) — Measured PAE (L) 2

---- Simulated Gain (R) — Measured Gain (R)

12 14 16 18 20 22 24 26 28 30 32 34 36
Output Power (dBm)

Fig. 15. Simulated output power sweep for 4-W MMIC PA used in simulation
and measurement. The peak PAE is 50.8% at 35.2-dBm output power. The peak
gain is 11.2 dB and the gain is 9.5 dB at peak efficiency.
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Fig. 16. RF PA envelope voltage for both before and after DPD is applied. The
desired 4o pulse width is 8 gs.

Class B. The measured continuous wave (CW) performance of
the single-stage 2.0 x 2.3 mm MMIC PA is published in [20],
and harmonic balance circuit simulation results with a TriQuint
nonlinear model are shown in Fig. 15. The peak power-added
efficiency (PAE) is 50.8% at 35.2-dBm output power. The peak
gain is 11.2 dB, and drops to 9.5 dB at peak efficiency.

VSS circuit envelope simulations were performed in two con-
figurations: amplifying a Gaussian LFM with a constant supply
and amplifying it with the resonant modulator. The constant
supply simulations applied an 8 ps Gaussian pulsed LFM with
5 MHz of bandwidth to the PA input. In both simulations we
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tried to achieve a peak pulse power of 33.5 dBm because this is
the location of peak gain so the amplifier was not compressed
and operated in Class B. To quantify how close the RF output is
to a Gaussian pulse given by (12), the following metric is used
to measure the error:

T
fO i (lvloadPA(t)| - l'L\iesired(t)|)2

t
T x 100
fO ? ‘Udesired (t)‘Q dt

E =

(28)

where vjoaapa (t) is the complex baseband PA load voltage and
Vdesired () 18 the time-aligned desired load voltage when the
input voltage is linearly scaled. The constant supply simula-
tion achieves an ¢ = 11.8% without any pre-distortion. The
supply-modulated simulations are done in two steps. First, a
rectangular LFM is applied to the input of the PA with the res-
onant modulator adjusted to an 8-us pulse and connected to the
drain supply input of the PA for direct polar modulation. The re-
sulting waveform, shown in Fig. 16, had an € = 65.8% so dig-
ital pre-distortion (DPD) is needed. In this case, element-wise
division is used to solve for he appropriate scaling factor, which
is then applied to the rectangular input waveform to shape the
envelope and improve the error to € = 12.8%. Thus, the reso-
nant modulator does some shaping of the pulse by adjusting PA
gain, but additional amplitude modulation to the input pulse is
required to lower total error.

The magnitudes of the RF PA load voltages are shown in
Fig. 17. For the constant-supply PA, a chirped Gaussian pulse
is applied to the PA input. For the supply-modulated PA, the
resonant voltage is applied to the drain supply and the pre-dis-
torted chirped rectangular pulse is applied to the PA input. Both
are compared to the desired output waveform. Fig. 18 shows
the output spectra of the amplified signals. The spectra of the
amplified signals are broader than the desired spectrum, but do
not have sidelobes and have properties that would comply with
the regulations of Fig. 1. The modulated PA does have higher
out-of-band emissions than the constant supply case, but they
are 70 dB below the peak power.

The results from simulations are summarized in Table I1I. Use
of the resonant modulator provided an increase of ten points in
efficiency over a constant supply. The definitions for efficien-
cies quoted in Table III are the PAE

T, . .
Jo ¥ |vi0adpa (£)* — |vinpa ()] *dt

2 Z10ad fly * Vad(t)ia(t)dt

PAE = (29)

and composite power-added efficiency (CPAE)

T .
Jo 7 1viaapa (1)1 — |vinpa (8)|*dt

T, .
2 20aa Vaa fO tsupply (t)dt

CPAE = (30)

where vipa (£) is the complex baseband voltage at the input
to the PA, Zjaq is the PA load impedance, v44(t) and i4(t)
are measured at the drain of the PA, and Vg and igyppiy (¢) are
measured at the input to the supply modulator. CPAE includes
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Fig. 17. Simulations show that a near Gaussian shape can be achieved at the
output of the PA for a constant supply and Gaussian LFM, or a pre-distorted
rectangular LFM.
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Fig. 18. Simulated spectra of the chirped Gaussian pulse for a constant supply
and modulated supply. Both cases make the spectrum slightly broader, but still
operate without sidelobes. The modulated case has out-of-band spurious emis-
sions due to higher nonlinearities in the system, but they are 70 dB below the
peak power, while the average efficiency is ten points higher.

TABLE III
SUMMARY OF RESONANT-MODULATED PA SIMULATIONS
Constant Bias | Supply-Modulated
Praz 34.1dBm 34.4dBm
Average Pulse Power 420 mW 470 mW
Average Drain Pulse Power 1830 mW 1260 mW
PAEgwg (PAEmax) 21% (40%) 33% (41%)
CPAE 21% 30%
Error e=11.8% e = 12.8%

the losses of the modulator for the supply-modulated case, and is
the same as PAE for constant supply since there is no modulator.

Measurements are performed on the same PA used in the sim-
ulations, but with a twofold increase in inductance and decrease
in capacitance. The modulator was characterized using the setup
shown in Fig. 19 with a pulsed gate voltage increased to the
maximum available from the driver chips. This decreases the
field-effect transistor R, of the (FET) switches. A measurement
of the modulator efficiency with the PA as a load and pulsed
LFM input results in measured input and output powers shown
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Fig. 19. Bench setup used for supply modulation measurements. The equip-
ment includes an Altera DE2 field programmable gate array (FPGA) devel-
opment board, an Agilent N§241A arbitrary waveform generator, an Agilent
E8267D signal generator, and an Agilent N9030A PXA signal analyzer. The
switch at the input of the signal analyzer allows for measuring either the input
or the output of the RF PA.

Input Power

Output Power

Power (W)
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Fig. 20. Measurement of the input and output power of the supply modulator
when connected to a PA with a pulsed Gaussian LFM waveform. With the PA
as a load, the modulator demonstrates 92% average efficiency for this measure-
ment. It is not possible to plot instantaneous efficiency due to the pulsed nature
of this measurement and the multiple storage devices present in the circuit. The
negative times correspond to the trigger used on the oscilloscope. Thus, the
pulse at ¢ = 0 is the one that triggered the oscilloscope.

in Fig. 20. The modulator efficiency achieved in this measure-
ment when modulating a PA is 92%.

A comparison is next performed between the PA when oper-
ated with a constant and modulated supply for a 9-us Gaussian
pulse with 5 MHz of LFM bandwidth and a duty cycle of 10%.
The amplifier is operated such that the peak output power of the
Gaussian pulse would be about 32.5 dBm. This output power is
chosen because it is the limit of the amplifier linear operation. If
the amplifier were driven any harder, the top of the pulse would
flatten due to saturation. Very little pre-distortion is needed in
both cases. The only form of pre-distortion used in this case
is to include fewer standard deviations in the Gaussian pulse
at the input of the amplifier. This technique makes the input
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Fig. 21. Comparison of the envelope voltage for the measured Gaussian-like
pulses at the output of the PA. The constant supply pulse is close to a Gaussian
with an error of ¢ = 10% and the supply-modulated pulse has an error of € =
12%.
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Fig. 22. Measured spectra of the constant-supply and supply-modulated PA.
Both fit within the NTIA RSEC for a 9-p¢s unmodulated rectangular pulse. One
should note that a rectangular pulse with equivalent energy (9 ps) would have
an even wider RSEC. Clearly, G s, (1) has no issues complying with the most
stringent of RSEC.

pulse wider, but the lower gain of the amplifier at backed-off
powers returns the pulse to its desired shape. Fig. 21 shows the
output pulses from the constant supply and supply-modulated
PA. When compared to the desired pulse with four standard de-
viations, both test cases have a similar shape. The spectra of
the two test cases are shown in Fig. 22; both have the desirable
spectral properties that conform with NTIA requirements, but
the SM case has higher efficiency.

The measured baseband time-domain waveform of the
supply-modulated PA is shown in Fig. 23 and the matched filter
response for this waveform is shown in Fig. 24. This pulse has
a range resolution of 80 m. More LFM bandwidth can be used
to reduce range resolution within PA bandwidth restrictions,
around 300 MHz for this PA. The time sidelobes of the matched
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Fig. 23. Measured baseband time-domain waveform of the supply-modulated
PA. The 9-us pulse has S MHz of LFM bandwidth and contains four standard
deviations.
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Fig. 24. Matched filter response of supply-modulated PA. This particular pulse
has a range resolution of 80 m, but more bandwidth could be used to improve
upon this. The time sidelobes are 29 dB below the maximum.

TABLE IV
SUMMARY OF RESONANT-MODULATED PA MEASUREMENTS

Constant Bias | Supply-Modulated
Prax 32.5dBm 32.7dBm
Average Pulse Power 450 mW 470 mW
Average Drain Pulse Power 1170 mW 1040 mW
PAFE.vg (PAEmaxz) 34% (40%) 40% (55%)
CPAFE 31% 36%
Error e=10% e = 12%

filter response are 29 dB below the maximum response. This
shows 14-dB improvement over the time sidelobes of Rar, (t).

A summary of the efficiency measurements over a single
pulse are shown in Table IV. The instantaneous drain efficiency
is shown in Fig. 25(a) and the PA power dissipation is shown
in Fig. 25(b). As in the case of simulations, this is lower than
the theoretical limits derived in Section II, but is to be expected
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Fig. 25. (a) Measured drain efficiencies of the constant-supply and supply-
modulated PA. (b) Calculated power dissipated by the PA.

because the maximum PAE is lower than that of an ideal
Class-B amplifier.

VI. CONCLUSION

We have demonstrated both theoretically and experimentally
an efficient radar transmitter with improved spectral confine-
ment, by shaping the pulse envelope to be close to a Gaussian. A
simple variable-pulsewidth resonant supply modulator with an
efficiency of 92% is connected to the drain supply input of a 4-W
GaN X-band MMIC PA and results in 36% overall time-average
system efficiency, a five-point improvement compared to the di-
rectly driven PA case. The theoretical investigation pointed to
operating the PA in Class B, with a peak measured efficiency
of 48% at 10 GHz, and an average PAE = 40% when supply
modulation is used for pulse envelope modulation. The spec-
tral emissions are reduced by 40 dB relative to the case of a
rectangular pulse with the same energy as the Gaussian pulse.
In addition to spectral confinement, a 5-MHz chirp bandwidth
results in a range resolution of 80 m and the first time sidelobe
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at —29 dB, a 15.5-dB improvement compared to the rectangular
pulse shape. The range resolution can be reduced with a broader
bandwidth chirp since the PA bandwidth is about 300 MHz.

Supply modulator efficiency can be further improved by
using lower loss MOSFET switches, gate drivers with higher
output voltages, and a decreased R,, and lower loss surface
mount lumped element components, all of which are commer-
cially available. Additionally, PA efficiency can be improved
by using harmonically terminated heavily saturated PAs at the
expense of more requirements on the DPD. The efficiency
results presented here are for a single pulse and a single PA. In
a phased array radar, a watt-level PA such as the one presented
here is used at each element, and the efficiency improvement
in an array and for many pulses will result in considerable
power savings at the system level, with modest complexity
increase due to the very simple and efficient supply modulator
architecture. In summary, the work in this paper demonstrates
that radar transmitters with amplitude-modulated pulses can
dramatically reduce spectral emissions while maintaining high
average efficiency.
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