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Abstract—1In this paper, we present a high-efficiency trans-
mitter based on an integrated circuit (IC) supply modulator
implemented in the same 0.15-gum gallium nitride (GaN)-on-SiC
RF process as the power amplifier (PA) monolithic microwave IC.
The X-band 10-W two-stage PA is designed for stable operation
with minimal drain capacitance, which enables fast supply mod-
ulation. The multilevel supply modulator provides eight voltage
levels with 3-bit digital control [(power digital-to-analog con-
verter (pDAC)], achieving a state-of-the-art slew rate of 5 kV/us.
Characterization of the dynamic Ry of the GaN switches allows
the development of an efficiency model for the pDAC and an
investigation of the effects of the pDAC internal resistance on the
PA performance, resulting in a comprehensive efficiency model
for the supply-modulated PA. The flexible compact transmitter
consisting of the PA and pDAC ICs shows high efficiency in back-
off for a variety of signals, both for radar and communications.
Measured results for amplitude- and frequency-modulated radar
pulses show a composite power-added efficiency (CPAE) of 44 %
with a peak power of 10 W at 9.57 GHz, with simultaneous
spectral confinement and 52-dB improvement of the first time
sidelobe. For a 20-MHz high peak-to-average ratio LTE signal,
the CPAE increases from 11% to 32% compared to a fixed
supply voltage transmitter, while linearity under dynamic supply
operation is maintained through digital predistortion.

Index Terms— Envelope tracking (ET), gallium nitride (GaN),
microwave monolithic integrated circuit (MMIC), power digital-
to-analog converter (pDAC), supply modulation (SM).

I. INTRODUCTION

HE CHALLENGE of efficient amplification of high
peak-to-average power ratio (PAPR) signals at microwave
carrier frequencies has been addressed with a number of
transmitter architectures, such as Doherty, outphasing, and
envelope tracking (ET) [1]-[11]. In ET, Fig. 1, the average
efficiency of the power amplifier (PA) is increased by keeping
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Fig. 1. Conceptual block diagram of the transmitter based on PA and supply
modulator chips implemented in the same microwave 0.15-pm GaN process.
This architecture allows efficient amplification of a variety of signals, either
for (1) communications or (2) and (3) radars.

the transistors saturated through a dynamic supply, which
is synchronized with the signal envelope through a shaping
function. ET alone can be applied to Doherty [10], [12],
Chireix outphasing [9], [13], and load-modulated balanced
amplifiers [11], [14] for further efficiency enhancements.

In envelope-tracking transmitters employing wideband
signals, the required slew rate, tracking accuracy, and
high efficiency become challenges for the dynamic sup-
ply. Several approaches to solving this problem are
demonstrated for signals with tens of megahertz band-
width: linearly assisted switching converters [4], [5], mul-
tiphase switching converters [15], and discrete-level supply
modulators [7], [8], [16]. The high power density, high mobil-
ity, high breakdown voltage, and high-temperature operation
make gallium nitride (GaN) technology attractive not only
for RF PAs but also for supply modulators. Single [17], [18]
and multiphase [15] high-frequency buck converters, using RF
GaN processes, demonstrate efficiencies >90% at switching
frequencies up to 400 MHz with 10-W power delivered to a
resistive load. The main challenges are associated with the
drive circuitry for noncomplementary devices [18], as well
as the required off-chip filtering of the pulsewidth mod-
ulation (PWM) switching harmonics. Furthermore, the PA
presents a dynamic nonlinear load, as discussed in detail
in [19] and [20]. The values of the LC filtering components are
reduced for multilevel supplies [7], [8], [16], making direct
integration with PAs feasible. The multilevel solution with
adaptive voltage commutation does not require the typical 10x
ratio between switching rate and signal bandwidth required
by PWM converters, thus switching losses are minimized for
wideband signal tracking [7]-[11].
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(a) Photograph of the two-stage 10-W X-band GaN MMIC PA with the OMN of the second stage designed for fast SM. (b) Simulated insertion loss

of the two paths of the OMN including supply and dc block capacitors. (c) Loop gain stability analysis from 100 MHz to 60 GHz over a range of HEMT
parameters dictated by the fabrication process. The PA is stable with 16° phase margin for all complex passive output loads and supply line impedances in

large-signal operation with swept input power.

This paper demonstrates the use of a high-performance
Qorvo 0.15-um  GaN-on-SiC process to implement
a microwave monolithic integrated circuit (MMIC)
supply-modulated PA for a 10-W efficient and compact
X-band transmitter. Its conceptual block diagram is shown
in Fig. 1. Here, the two ICs are connected through
a low-inductance board trace to enable fast supply
modulation (SM) but allowing also separate characterization
of both chips. One of the contributions of this paper is
the codesign aspect of the transmitter, where a detailed
efficiency model is presented for the supply-modulated PA.
The individual static and dynamic contributions of the two
chips are extensively characterized and used for predicting
composite efficiency with modulated signals.

This paper is organized as follows. Section II describes
the PA design specifically for ET, as well as the design of
the eight-level supply modulator, referred as power-digital-to-
analog converter (pDAC). Section III introduces a loss model
for the pDAC along with a discussion of the limitations of a
microwave GaN process for switching circuit implementations.
This section also presents packaging and characterization
results of the pDAC. Section IV covers the linearization and
efficiency characterization of the entire transmitter, addressing
the digital baseband portion, and additionally provides a
comparison with a hybrid pDAC implemented with GaN-on-
Si switching devices. Finally, experimental results with radar
and communications signals are given in Section V.

II. X-BAND GaN TRANSMITTER DESIGN

In this section, we provide the relevant design details of
the two GaN chips, the PA and pDAC, both fabricated in
the Qorvo 0.15-xm GaN-on-SiC process. Independent char-
acterization of the two ICs is shown, but since the technology
process is the same, this leads naturally to the possibility of a
single-die supply-modulated PA.

A. GaN MMIC PA for Supply Modulation

The photograph of the two-stage GaN MMIC PA designed
for SM is shown in Fig. 2(a). This MMIC was characterized in
terms of trapping-related nonlinearities in [21], which enables
us to perform a more accurate PA linearization, shown later
in Section V. Here, we discuss the specific design approach
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Fig. 3. Measured pulsed (10% duty cycle and 100-us period) gain and
PAE as a function of output power for seven discrete supply voltages from
321t0 20 V.

that allows wideband SM of the PA. For an RF output power
exceeding 10 W and a saturated gain above 20 dB at 10 GHz,
the first stage of the PA is realized with two 8 ym x 50 um
high-electron mobility transistors (HEMTs) and the second
stage combines four 8 um x 50 um devices [22]. Load—pull
simulations with the nonlinear models of the foundry suggest
a deep class-AB bias point for the PA with a nominal drain
supply of 20 V for both stages, and with quiescent currents
of 55 mA for the first stage and 270 mA for the second
stage.

To maintain efficiency for broadband, high PAPR signals,
SM of the second stage is performed and this imposes
special requirements on the dc block, output matching net-
work (OMN), and drain bias line. Fig. 2(b) shows the simu-
lated insertion loss up to 500 MHz from the supply pad to the
HEMT drain (ILp2-yEmTs) and from the supply pad to the load
(ILpz-LoaDp)- For broadband signal tracking, the total equiva-
lent capacitance seen at the drain supply node in the output
network cannot be too large because it will low-pass filter
the dynamically varying envelope. This capacitance consists
of the drain bypass, dc block, and equivalent capacitance of
the OMN. These capacitances are minimized in the design so
that the total drain capacitance in the output circuit is 36.4 pF.
The bias line is designed to provide the broadband envelope
power Ppo(t) with low attenuation to the four transistors of
the last stage, whereas low envelope power Pp>(f) leaks to
the load as a results of the small dc block capacitor.
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While reducing the total drain capacitance in the bias
network is desirable from a SM standpoint, stability issues may
arise since it is not possible to utilize large on- and off-chip
capacitors. In this design, the MMIC PA is designed to be
stable with minimal on-chip drain capacitance and no external
components when operating in large signal over a range of
input power levels and supply voltages. The stability analysis
shown in Fig. 2(c) shows loop gain simulations for varying
loads and supply impedances from 100 MHz to 60 GHz.
At 10 GHz, the PA presents 16.1° phase margin for all
complex passive output loads and all complex drain supply
line impedances. According to the foundry process guidelines,
the device g,,, Cgs, and Cgp were varied to reach the —40 °C
values, by +30%, —30%, and +30%, respectively.

Fig. 3 shows the measured large-signal gain and
power-added efficiency (PAE) for seven fixed supply voltages
obtained with a low-resistance pulsed voltage supply, which
also confirm stable operation of the PA with minimal drain
capacitance. We note that the PA is designed to maximize
PAE at 6-dB output power backoff when the supply voltage is
within 12-15 V. The PA demonstrates 23.2-dB saturated gain
with 41.7-dBm output power. At the maximum output power,
the peak PAE is about 61.3% while it drops at 31.6% at 6-dB
output power backoff. If SM of this PA is employed, the PAE
improves almost 35.3 percentage points reaching 66.9%.

B. Integrated GaN Power-DAC Supply Modulator

The topology of the multilevel supply modulator is illus-
trated in Fig. 4(a). Three cascaded half-bridges are stacked
and each half-bridge is composed of two power switches.
The ith half-bridge is supplied by an isolated voltage, Vpp;,
with respect to a floating ground, GN D;. The half-bridge is
controlled by a bit, b;, and by its complement, b;, which are
directly generated in digital baseband. During the commutation
of the half-bridge, a deadtime (when both power switches
are off) is introduced to avoid a short-circuit between Vpp;
and GND;, with the associated efficiency loss. During the
deadtime, the low-side free-wheeling diode maintains the cur-
rent flow to the load. When the high-side switch of the
half-bridge is turned on, the voltage Vpp; is connected in
series to the floating ground of the subsequent cell. When the
low-side switch of the half-bridge is on and after the deadtime,
the output of the half-bridge is zero. Therefore, the circuit
resembles the operation of a DAC

3
Vo.sm = > bi Vo

i=1

1)

in which the output level is controlled by b;. If the three
isolated supply voltages are selected with a binary ratio of
a given reference voltage Vg (e.g., Vg/2, Vg/4 and Vg/8),
it is possible to synthesize a discrete waveform with eight
voltage levels from only three input voltage supplies. There-
fore, all the levels are uniformly distributed between zero and
Vo.smMmax = 7Vg/8, and the circuit resembles the function-
ality of a DAC, so we refer to it as a power-DAC (pDAC). This
approach enables to improve the ideally continuous output
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Fig. 4. (a) Multilevel topology of the pDAC. Three cascaded half-bridges
are supplied by three isolated voltage sources Vpp; allowing the generation
of eight voltage levels. (b) Schematic of the pDAC half-bridge with integrated
driver.

TABLE I
pDAC HALF-BRIDGE OPERATION

bi | bi | Qs | Qs | Ig,Ls | Igus | Q2 | @ | Vsws
0 1 OFF ON 0 8 mA ON OFF ov
1 0 ON OFF 5 mA 0 OFF ON Vbpi

voltage from an N-level resolution to 2V levels by using a
purely switching circuit.

A hybrid pDAC using low-frequency GaN-on-Si switches
and capable of tracking a 10-MHz LTE signal at L-band is
demonstrated in [7]. Here, the same topology is implemented
in a single chip with a 0.15-um GaN-on-SiC process. This
IC is briefly discussed in [13] in purely static operation.
In the remainder of this section, the details on the design
and characterization are given. The same Qorvo microwave
0.15-xm GaN process as that used for the PA is used, although
this GaN-on-SiC process provides only n-type depletion-mode
(normally on) HEMTSs. The threshold voltage is —3.5 V
and the device is on for Vgs = 0 V and off for Vgs =
—5 V; the breakdown voltage exceeds 50 V [22]. The drivers
are integrated with the power switches for compactness.
In addition, integration minimizes gate-loop parasitics and
enhances switching speed while reducing the risk of spurious
retriggering at high switching frequencies [18]. With only
n-type transistors, it is not possible to implement a fully com-
plementary driver that does not dissipate dc power. A resistor
can be employed as a simple pullup device, but this choice will
introduce a stringent tradeoff between switching speed and
efficiency [17]. In [18], an improved solution is demonstrated
for the pullup network of the driver, referred to as modified
active pullup. The integrated GaN pDAC adopts this solution,
although it is still inferior to complementary transistor drivers
that have almost no static power consumption [7].

Fig. 4(b) shows a single half-bridge with integrated
driver. The pDAC control bits, b; and b_i, are generated in the
digital baseband and are fed to the inputs of six high-speed
digital isolators (Texas Instruments ISO721M). The supply
voltage on the digital side is 3.3 V while the output side of the
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isolators is fed with 5 V. The isolator outputs are connected
to the high- and low-side driver input signals, Vin ps; and
ViN,Lsi- ViN,Hsi 1s switched by the isolators between —8 and
—13 V, while ViN,Ls; commutates between —5 and —8 V.
As shown in Fig. 4(b), the source terminals of the input
transistors, Q¢ and Qg, are biased with Vpp us; = —8 V and
Vpp,Lsi = —5 'V, respectively, and this enables the isolator to
turn the input transistors on and off.

The operation of a single half-bridge is summarized
in Table I. When b; (5i) is low, the driver pulldown Qg (Qg) is
off, while Q7 (Qs5) is on, and the corresponding power switch
0> (Q1)is on, since its Vgs = 0 V. On the other hand, when b;
(l;i) is high, both Qg and Q7 (Qg and Qs) are on, and Q7 (Q1)
is off. In the latter case, the driver is dissipating static power
since a current path is created through Q7 and Qg (Qs and
Qs) [18]. Commutations of the power switches Q1 and Q>
are sped up by higher /g us (Ig,Ls), at the expense of higher
static losses in the driver. Thus, the sizes of the transistors and
the resistors Ry and R, of this modified active pullup network
are chosen as a compromise between static loss and switching
speed, resulting in the values given in Table 1.

The high-frequency 0.15-um GaN-on-SiC process is not
optimized for low ON-resistances (Rox = 2.1 Q/mm) [18],
and conduction losses are minimized by selecting very large
peripheries (64 x 150 um) for the power switches, Q1 and
0>. A nonlinear HEMT model results in a simulated Rox =
0.22 Q, but we expect a higher value in practice since it
has been demonstrated that temperature and trapping effects
deteriorate the dynamic ON-resistance [23]-[25].

The free-wheeling diodes, Q3 and Qy, in parallel with the
power switches, are implemented by shorting the drain and
source of an HEMT so that the gate is the anode and the
drain—source is the cathode (see Fig. 4). The voltage drop
across the conducting diode is about 1 V and the diode is
dimensioned to carry a maximum average current of 40 mA,
resulting in a 40 um x 125 pm periphery. The IC is designed
using Keysights ADS and Modelithics’ nonlinear models,
while the circuit layout is performed in National Instruments
Microwave Office. The die size is 5.4 x 3.8 mm? and it is
wire-bonded to a 48-pin 7 x 7 mm? QFN package with
a transparent lid, shown in the photograph in Fig. 5, and
mounted on a four-layer FR4 board. Thermal vias are placed
directly underneath the package to provide heat spreading
through the board metal layers. Since the isolator size is the
same, but the driver switches are integrated on-chip, the pDAC
IC is about 10 times smaller in area compared to the hybrid
version of this circuit (5.5 x 28 mm?) [7]. All required bias
voltages are derived from a single 48-V supply.

III. INTEGRATED pDAC EFFICIENCY MODEL

In order to quantify the composite PAE of the
supply-modulated transmitter, a loss budget model of the
pDAC IC is next determined, accounting for conduction,
switching, and driver losses. The model is validated first
statically with a resistive load, and then with the PA MMIC
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Fig. 5. Photograph of the pDAC GaN-on-SiC MMIC. The pDAC chip size
is 5.4 x 3.8 mm and is wire-bonded to a 48-pin 7 mm x 7 mm QFN package
with a transparent lid.
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Fig. 6. (a) pDAC topology. (b) Static pDAC equivalent circuit with controlled
voltage sources and switch resistances. (c) Equivalent circuit of the pDAC with
resistance RynT that models the total loss.

as the load. We define the efficiency, #sm, as

Po sm
Po,sm + Ppiss

where Pp sm and Ppiss are the output and the dissipated
powers of the supply modulator, respectively. Referring to
Fig. 6(a), the output power Pp sm can be calculated as a series
of ideal voltage sources with the ON-resistance of the switches
as shown in Fig. 6(b). The final equivalent circuit of the pDAC
is shown in Fig. 6(c), resulting in the output voltage

Vo <y — R (01VbD1 + 62VbD2 + b3VbD3) 3)
O.SM = Ri 4+ 3Ron

where Ry is the equivalent load resistance (i.e., drain terminal
of the PA in static condition). The corresponding static output
power Pp sm = VO,SM2 /Ry, can be calculated as
Ry (b1 Vpp1 + b2 Vb2 + b3 Vpps)?
(R + 3RON)2 ‘

The total dissipated power, Ppiss, can be expressed as the
sum of conduction, driver, and switching losses [26]

Ppiss = Pconp + Pprv + Psw. (5)

)

n1sM =

“)

Po sm =
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(a) Setup used for the characterization of the dynamic Ron of the power switches in the pDAC [24]. (b) Characterization results (black circles) of the

dynamic Ron in the pDAC; the maximum degradation (+80% increase on the Ron dc = 0.33 Q at 25 °C) is observed at the maximum junction temperature

(150 °C) and maximum voltage stress (30 V).

To estimate the conduction losses, we consider that all six
power switches have the same periphery (9.6 mm) with the
same nominal Roy. Since the half-bridges are connected in
series, the current flowing through the load, /p sm, is con-
stant and independent on the control bit configuration [see
Fig. 6(a)]. Therefore, the total internal resistance RNt of the
supply modulator is 3Roy, as shown in Fig. 6(c), and the
conduction losses become

Pconp = Rintlo.sm> = 3Ronlo.sm> (6)

where Ipsm is the rms value of the current. The
dc ON-resistance of the power switches at room temperature
(25 °C) is measured with a multimeter to be Ron,dc = 0.33 Q,
in a good agreement with the simulations (0.22 Q) when the
approximately 75-mQ resistance of the 1.5-mm-long 25-um-
diameter gold bond wires is taken into account. The GaN
transistor resistance increases with junction temperature 77
and increases with the OFF-state drain—source voltage stress,
Vorr [23]-[25]. This voltage sensitivity is often associated
with charge trapping, which increases the ON-resistance, and
it follows [24]:

RON = RON(TJ» VOFF) (7)

In [24], a test bench for measuring dynamic Roy for several
GaN technologies, including the Qorvo 0.15-um GaN-on-SiC
process, is presented. This test bench is used to characterize
the dynamic Roy directly within the final-circuit PCB of
the pDAC with the connection shown in Fig. 7(a). This
measurement includes additionally the bond-wire resistance
and package pin resistance. Given that the three half-bridges
are nominally identical and mounted in the same way, only the
bottom half-bridge is considered. The measured dynamic Ron
is plotted in Fig. 7(b), where Ron (77, Vpp) is normalized to
the dc value and an interpolation surface is shown to highlight
the dependence on each variables.

Once the dynamic Roy of a power switch is characterized,
we note that in this multilevel topology, both the high-side
and low-side switches are alternatively on and off, and there-
fore, they are subject to the same Vpp; voltage stress (see
Fig. 4), causing a similar trap-induced degradation of their

ON-resistances. If we also consider that the supply voltages
of the three half-bridges are Vpp; = 3.2 V, Vppo = 5.6 V,
and Vpp3 = 11.2 V, the dynamic Roy values increase by
+1.1%, +2.8%, and +3.8%, respectively. This results in a
nonnegligible +7.7% increase of the total dc ON-resistance,
RINT,de = 3 Ron,de = 1 Q. Given the high thermal conduc-
tivity of the SiC substrate, a uniform temperature distribution
assumption results in Ty ns; >~ Ty1si & TjEQ. The switch
ON-resistance model of (7) can be rewritten as

Ron & Ron(T),EQ, VDDI)- (8)

The second contribution to the total dissipated power of (5)
is static losses in the half-bridge drivers, Ppry, especially since
the lack of complementary (p-type) transistors leads to a driver
design that is suboptimal. The dissipated power by the drivers
can be calculated as [18]

3
Pprv = Z(_VDD,HSiIQ,HSbi — Vop,LsilpLsbi)  (9)
i=1
where Vpp,psi = —8 V and Vpp,r.si = —5 V. The measured
quiescent current of the driver is g gs = 8 mA for the
high side and /p,1.s = 5 mA for the low-side active pullup,
as expected from simulations. The static driver dissipation can
be calculated from (9) and ranges from 75 mW when all the
control bits are “1” to 192 mW when all the bits are “0.”

The third contribution to the total dissipated power of (5)
is the switching losses, which are mainly due to switch
capacitances and the free-wheeling diodes. Capacitive losses
are due to the charge and discharge of Cgs and Cps capacitors
in the low- and high-side switches [18]

3
Psw.c = %(261)3 Vobi® +2CasVasH) (fy).  (10)
i=1
Diode losses are only present in the low-side diode and are
due to the overlap of the output current and the diode forward
voltage. On average, we have
3
Psw.p = Y _(tpr Velo.ss){f;)-
i=1

Y



1606
25
201
< 15¢ ——Measurements 1
> T easure
~ imulation
2107 1
o
> 5t .
0 4
-20 -10 0 10 20 30 40 50
Time (ns)
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Fig. 9. Measured and simulated response of the pDAC to a staircase of 1 us
sweeping all the eight voltage levels.

However, the contribution of (10) and (11) can be neglected
given the extremely low parasitics of the Qorvo 0.15-um
process (fr = 38 GHz [22]) and the average switching
frequencies achieved with the considered 20-MHz LTE signal.
For the largest device used in the chip (9.6 mm), the input and
output capacitances are Cgs =~ 14.4 pF and Cps ~ 3.8 pF,
while the gate commutation voltage is Vgs = 5 V. With the
20-MHz LTE signal, the average switching frequencies of the
half-bridges are (fp,) = 1.8 MHz, (fp,) = 7.1 MHz, and
(fps) = 2.5 MHz. For half-bridge supply voltages Vppi =
32V, Vppp = 5.6 V, and Vpp3 = 11.2 V, the switching
losses due to the capacitors are found to be 8.7 mW. Regarding
the free-wheeling diode losses, similar consideration apply:
the diode forward voltage in this process is about Vp =
1.2 V and the deadtime fp7 = 1 ns is generated in the
field-programmable gate array (FPGA) by using a secondary
clock at 480 MHz and sampling during the rise and fall
times. Assuming an average output current Ioyr = 0.5 A,
these losses amount to 6.8 mW. If the capacitances of the
process were higher or for higher average output currents,
the contribution due to the switching losses could be neglected.
A good comparison is the hybrid version of the pDAC [7],
where Cgs =~ 300 pF and Cps =~ 150 pF. In Section VI,
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At low output powers, the efficiency drops due to the static power losses in
the drivers; on the other hand, at high output powers, the losses are dominated
by the switch Rox’s. At moderate output powers, a peak efficiency of 97%
at Vo sm = 20 V is measured.

a quasi-static PA-modulator efficiency characterization con-
firms this conclusion.

A. Power-DAC Characterization and Model Validation

The pDAC supply modulator is characterized in terms
of slew rate, switching speed, and efficiency on various
low-inductance resistive loads. The half-bridge supply voltages
are Vpp1 = 3.2V, Vpp2 = 5.6 V, and Vppz = 11.2 V. The
pDAC output voltage is measured with a 500-MHz passive
probe (Agilent 1161A).

The output voltage, when all high-side switches are acti-
vated, is shown in Fig. 8 for a 33-Q load. The measured slew
rate of 5 kV/us is surely limited by the probe performance;
the simulation predicts 50 kV/us. The measured and simulated
converter response to a full voltage swing of a 500-ns ramp
is reported in Fig. 9. By observing the 71.4-ns long steps,
the longest settling time of the measured ringing is about 20 ns
while the simulations predict about 5 ns. The longer settling
time at the beginning of the 11.2-V level is due to the possible
misalignment in the switching of the three half-bridges for the
commutation 011 < 100.
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(a) Photograph of the fixture with the pDAC and PA. The output of the pDAC PCB is connected to the PA with a low-parasitics interconnect.

During the characterization, a wire is added between the pDAC and PA to accommodate the current probe. (b) Setup block diagram. A frequency extension to
X-band is employed and calibrated at the input S; and output S of the PA. An FPGA controls the pDAC supply modulator while a synchronized oscilloscope
acquires the drain voltage and current. (c) Photograph of the characterization setup.

The pDAC efficiency (2) can be measured by considering
various loads R; and output voltage levels. An important
parameter that needs to be carefully estimated for an accurate
prediction is the operating junction temperature 7 gq. This
can be evaluated with the thermal network

Ty ec = Ria Ppiss + Ta (12)

in which Rj4 = 17.5°C/W is the estimated junction-to-
ambient thermal resistance and 74 = 25°C is the ambient
temperature. The calculated variation of the ratio of dynamic
and dc Roy is shown in Fig. 10. From such results, the pDAC
efficiency of (2) can be computed as reported in Fig. 11. In this
plot, we observe an efficiency drop at low output powers
due to the fixed driver losses given by (9). As the output
power increases, the losses are dominated by switch ON-
resistances. The peak efficiency is reached at moderate output
powers (Pp sm = 4.8 W) and at the maximum output voltage
(Vo,sm = 20 V), in which the combination of conduction and
driving losses provides a peak efficiency of 97.2%.

This efficiency model is validated with measurements of the
pDAC loaded by different Ry resistors from 12.5 to 200 Q
depending on the output power and voltage. The pDAC is
controlled to generate the seven output levels and the voltage is
measured with a multimeter. The output power is calculated as
Vo,SM2 /Ry, while the input currents of the three half-bridges
and driver supplies are sensed with a current probe. The
validation shows a good agreement with the model (Fig. 11).

IV. GAN TRANSMITTER CHARACTERIZATION

Following the static characterization from the previous
section, dynamic characterization of the pDAC connected to
the PA is performed. The commutation rate of the pDAC is on
the order of us in these measurements, so that the modulator
efficiency is still dominated by static losses. The PA MMIC
presented in Section II is mounted on a CuMo fixture that
is, in turn, mounted on a Rogers TMMI10i substrate with
SMA/3.5-mm connectors for the input—output RF paths and
dc bypass capacitors in the gate and first-stage drain biases.

30F ‘+PO.SM+POUT ——V, Meas)----V, (Model)‘ 2
MoM oMM M M. M
o K
§15— ﬂ floén
g ) =
i -m—ﬂ ﬂ (i
0= u U - lLJ =0

T

T Tox Time

Fig. 13. Pulse train employed to extract the characteristics of the pDAC + PA.
The pulse duration is Tox = 10 us and the repetition period is 7 = 100 us.
The visible voltage drop in Vp(¢) is due to the internal resistance RyNT in
the pDAC.

The drain of the second stage is directly connected to the
pDAC supply modulator through a low-inductance intercon-
nect. Simulations result in the layout shown in Fig. 12(a) in
which a very short trace with an inductance of 5 nH connects
the pDAC chip to the PA drain pad. The resonant frequency
of the interconnect inductance and the 36.2 pF capacitance on
the chip is 373 MHz, which is well outside the targeted LTE
bandwidth of 20 MHz.

A. Characterization Setup

The block diagram and photograph of the characterization
setup are shown in Fig. 12. This setup is described in [21]
and is here briefly reported for completeness. An NI PXle-
5644R Vector Signal Transceiver (VST) is extended to X-band
operation with custom-made upconversion and downconver-
sion stages. The input I/Q signal, x(n), is stored in the vector
signal generator (VSG) and is first upconverted at 1 GHz
within the instrument. An external mixer and a bandpass filter
modulate an X-band carrier with the output of the VSG, and
a broadband driver amplifies this signal to the nominal input
power level (20 dBm). The output of the PA is then attenuated,
downconverted, and sampled by the vector signal analyzer
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Fig. 14. Measured (a) input—output, (b) gain, and (c) PAE characteristics obtained with the PA connected to the pDAC (continuous line) and to the hybrid
pDAC (dashed line). The PA performs better in P- and C-mode regions [6] when modulated with the hybrid low-resistance pDAC. In L-mode, no significant

difference between the two pDACsS is observed.

to generate the baseband I/Q signal y(n). Simultaneously,
an oscilloscope synchronously samples the PA drain voltage,
Vp(t), and current, Ip(z). The time alignment between x, y,
Vp, and Ip is software-controlled. The setup is verified for
distortion showing minimal gain compression (0.1 dB) and
flatness (+/ — 0.2 dB) over the 80-MHz bandwidth of the
VST [21]. During the PA characterization phase, an additional
wire is introduced between the pDAC and the PA as shown
in Fig. 12(a) and clamped to a wideband current probe
(Keysight 1147A). After the PA characterization, this wire is
removed to restore the low-impedance connection between the
PA and the pDAC.

B. RF Characterization Results

The PA is characterized at 9.57 GHz at different supply
levels, Vp, generated by the pDAC, and with the pulse
sequence shown in Fig. 13. Here, we employ a prepuls-
ing characterization sequence in order to extract accurate
efficiency and power characteristics of the PA [21]. In this
sequence, a “prepulse” at the maximum supply voltage, Vp =
20 V, is employed to fully activate the trap capture in the PA
transistors; afterward, a “measurement pulse” extracts the PA
characteristics at variable amplitudes under controlled trap and
thermal states.

In the prepulsing sequence (Fig. 13), the drain voltage
experiences a remarkable drop at the times when RF output
power peaks, caused by the pDAC internal resistance. At the
PA peak output power, the peak current is 1.4 A, and this
leads to a voltage drop of about 1.7 V, resulting in an internal
resistance RNt =~ 1.2 Q (Roxy =~ 0.4 Q). We note that
the PCB inductance of 5 nH does not contribute to the
voltage drop given the negligible impedance (3 mQ) at the
fundamental frequency of the current pulse (10 us). Along
with the measured Vp(¢), Fig. 13 shows the predicted pDAC
output voltage found from (3) showing a good agreement also
under dynamic conditions.

The pDAC internal resistance penalizes the transmitter
efficiency in two ways: on the one hand, it causes conduction
losses in the supply modulator as in (6), thus reducing the
supply modulator efficiency, #sy. On the other hand, it affects
the PAE of the amplifier. The former is demonstrated by

—PAE (MMIC pDAC)
— CPAE (MMIC pDAC)

0 l() 20 30 40
(dBm)

POUT

Fig. 15. Composite PAE (red line) of the pDAC and PA ICs obtained by
combining the modulator efficiency with the measured PAE (blue line). The
pDAC internal resistance degrades the CPAE in the P- and C-mode regions,
whereas no difference is observed in L-mode.

comparing the performance of the PA connected to the hybrid
version of the pDAC [7], which has an almost negligible
internal resistance (RNt ~ 50 mQQ) and is effectively a
quasi-ideal voltage source at this current level (/o sm,MAX =
1.4 A).

The input—output and gain characteristics of the PA, with
the two supply modulators, are compared in Fig. 14, with
three distinct operating modes identified: linear (L) mode,
compressed (C) mode, and product (P) mode where the PA
behaves as a mixer [6]. For high supply voltages and low RF
powers, the PA operates in L-mode and the RF output power
and gain are insensitive to the small voltage drop caused by
the internal pDAC resistance. As the RF input power increases
toward C-mode, the output power and gain become sensitive
to the supply voltage, the peak power decreases from 41.7
(14.8 W) to 40.8 dBm (12 W) with the pDAC, and the
large-signal gain reduces from 23.2 to 22.3 dB.

If the hybrid pDAC is assumed to be an ideal voltage
source, the PA supply sensitivity, defined in [27], is found to
be 1.5 W/V in C-mode for the supply levels “5,” “6,” and
“7.” This value is approximately independent of the supply
modulator since it is an intrinsic characteristic of the PA in
compression. For the remaining levels, this sensitivity drops
from 1.2 to 0.3 W/V, respectively, at the level “4” and “1.”
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Fig. 16. (a) AM/AM and (b) AM/PM characteristics of the PA at Vpp voltage levels; the nonlinear characteristics with memory of the PA (blue) are superposed
to the inverted nonlinear characteristics with memory of the DPD (red). (c) PAE characteristics and discretized shaping function (black continuous). Efficiency

is maximized with SM following the trajectory highlighted in red.

For low supply voltages, the PA operates in P-mode in which
the output power and gain are both sensitive to the supply
voltage drop, and also to the input power, resulting in mixerlike
operation. The PA gain in P-mode peaks at higher powers and
is reduced at lower power. The transistors are operating in
the triode region at low supply voltages and, therefore, with
a very low transconductance, which is additionally degraded
by the trap-induced ‘“current collapse,” as observed during
prepulsing [21].

Next, the PA is characterized in terms of PAE both with
the hybrid and the integrated version of the pDAC and the
results are provided in Fig. 14(c). The PAE plane can be again
qualitatively divided into L, C, and P modes to highlight the
PA drop caused by the pDAC internal resistance. In C-mode
and at the peak output power, the amplifier PAE reduces from
57.8% to 52.3% and similar degradation is observed for all
the other supply levels. Only in the L-mode, the PAE remains
unchanged with the pDAC IC. The relevant efficiency for a
supply-modulated PA is the composite PAE (CPAE), defined
as

CPAE = 5sm - PAE (13)
where 7nsy is the pDAC efficiency defined and characterized
in Section III, and PAE is the amplifier PAE when connected
to the pDAC IC. Recall that the static pPDAC characterization
is valid with the PA in place of the resistor since the charac-
terization is performed with narrowband pulses (10-us pulse,
100-us period). The calculated CPAE is shown in Fig. 15,
where the PA efficiency degradation due to the pDAC IC is
noticeable, but the CPAE is still high and reaches 47% at the
peak output power of 40.8 dBm and is higher in backoff by
design. At low output power, the CPAE is reduced due to
the static power dissipation in the pDAC drivers; on the other
hand, at high output power, the internal resistance in the power
switches dominates. In some cases, the difference between
PAE and CPAE can be as large as 10% points, while the
same comparison using the hybrid pDAC shows a maximum
difference of three points since its efficiency is always over
95% [7].

Discretized To pDAC
Shaping Function b;
l(n) Dead-Time i
()l J_r"r f———>| Delay (A oo 0|
I 3 f Generation A
nvelope 2 (n b
Extraction o(m) '
r -
x(n)

VAN
v z(n) To PA
2(n)

Fig. 17. Block diagram of the digital baseband. An envelope extraction
block generates |x(n)| and is followed by the discretized shaping function
that generates an eight-level pDAC control and the switching between DPDs,
which are applied to x(n) with a multiplier.

C. Baseband Characterization and Linearization

The nonlinearities of the supply-modulated PA shown by
the normalized AM/AM and AM/phase modulation (PM)
characteristics [Fig. 16(a) and (b)] are affected by the pDAC
internal resistance. Improved average efficiency is achieved
when the supply voltage follows a discretized trajectory shown
in Fig. 16(c). The thresholds of this shaping function are
selected as the peak power at the [/th voltage level that
maximizes the PAE when the MMIC PA is connected to the
pDAC IC. A vector-switched digital predistortion (DPD) [28]
is chosen so that every region of this model corresponds to the
inverted characteristics of the PA at a fixed supply voltage,
as shown in Fig. 16. This approach has the same digital
complexity as a typical DPD for a fixed-supply PA since the
knowledge of PA behavior is only necessary in the discrete
intervals defined by the discretized shaping function, with a
small overhead of a multiplexer at the output of the DPD
blocks.

A generalized memory polynomial (memory order 3, non-
linearity order 7) [29] is chosen to fit each region of the
vector-switched DPD. The digital baseband of the transmitter,
including the predistortion, is implemented in the FPGA
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TABLE 11
PERFORMANCE WITH DIFFERENT PULSE WAVEFORMS FOR RADARS

Amplitude Control -3 dB 15t Time Power per Pulse IC pDAC ; Hybrid pDAC*
Taper (PAPR) Mode Bandwidth Sidelobe W (dBm) PAE ngsns CPAE : PAE ngsns CPAE
Rectangular (0.00 dB) | Rectangular 4.5 MHz -13.5 dB 10.5 (40.2) 54.4% 93% 50.6% l 65.0% 96% 62.4%
Triangular (3.00 dB) | Rect. + DPD 1.6 MHz -26.2 dB (ideal) 3.7 (35.7) 34.9% 90% 31.4% \ 35.1% 96% 33.4%
Triangular (3.00 dB) | SM + DPD 1.6 MHz -26.2 dB (ideal) 3.7 (35.7) 53.3% 85% 45.3% : 58.9% 95% 55.9%
Hanning (3.01 dB) Rect. + DPD 1.9 MHz -31.4 dB (ideal) 4.1 (36.1) 38.7% 90% 34.9% ' 40.2% 96% 38.6%
Hanning (3.01 dB) SM + DPD 1.9 MHz -31.4 dB (ideal) 4.1 (36.1) 52.9% 87% 46.0% : 59.3% 95% 56.3%
Blackman (3.77 dB) Rect. + DPD 1.5 MHz -52 dB (ideal -58 dB) 33 (352 35.8% 89% 31.9% : 37.2% 96% 35.7%
Blackman (3.77 dB) SM + DPD 1.5 MHz | -52 dB (ideal -58 dB) 3.3 (35.2) 52.4% 84% 44.0% ‘ 58.1% 95% 55.2%

* Efficiency results obtained in [30] with a similar PA (same maximum output power, but with 65% peak PAE vs. 61% of this PA).
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Fig. 18. PA output spectra with DPD enabled. The three weighting windows are compared with a rectangular chirped pulse (black dotted). Similar bandwidth
(i.e., range resolution) can be obtained but with improved spectral confinement (red solid).
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Fig. 19. Output of the matched filter in a pulse-compressed radar receiver utilizing linear frequency modulation. Lower temporal sidelobes are obtained by
means of amplitude weighting of the transmitted signal.

within the VST (Fig. 17). The input I/Q sequence, x(n),
is used to generate the continuous envelope |x(n)| extracted
with a 22-bit resolution, quantized in eight levels by a
discretized shaping function and coded with three bits to
generate the pDAC control /(n). Seven correction coefficients
z(n) (one is Vp = 0 V and does not require DPD) are
fetched in parallel in the seven DPD lookup tables. The
multiplexer selects the z(n) value to apply to the original
input x (n).

V. GaN TRANSMITTER EXPERIMENTAL RESULTS

The transmitter is tested with two types of signals:
radar-type amplitude- and frequency-modulated pulses and
high-PAPR signals for high-capacity communications. In both
cases, a dramatic improvement in CPAE is demonstrated
while linearity is maintained. We note that in this efficiency
calculations, the power consumption of the digital isolators is
taken into account, while the efficiency of generating the input
supply voltages Vpp; is not included.
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TABLE IIT
PERFORMANCE WITH DIFFERENT LTE DOWNLINK CHANNELS

Bandwidth PAPR Control Mode EVM ACLR* | Pour,ava | PIn,ava Ppp CPAE
1.4 MHz 9.3 dB Fixed Supply + DPD 1.83% 52 dB 1.38 W 192 mW | 7.04 W | 19.4%
1.4 MHz 9.3 dB | Supply Modulation + DPD | 2.44% | 46 dB 141 W 7.5 mW 350 W | 40.1%
10 MHz 11.3 dB Fixed Supply + DPD 2.46% 49 dB 091 W 130mW | 622 W | 144 %
10 MHz 11.3 dB | Supply Modulation + DPD | 3.93% | 34 dB 1.02 W 5.1 mW 294 W | 345%
20 MHz 11.4 dB Fixed Supply + DPD 2.90% 47 dB 0.74 W 10.5mW | 656 W | 11.1%
20 MHz 11.4 dB | Supply Modulation + DPD | 5.24% 33 dB 0.85 W 4.1 mW 265W | 32.0%
ACLR: defined as the ratio of the average power in the channel bandwidth and the average power centered in the next channel with the same bandwidth.
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0 T T 0 T i} . :
== DPD OFF
-0} 10 w= DPD ON -10
—.-20 s -
g S -20 @ 20f
5 -30 5 =
a 40} a0 € 30T
-50 -40 -40
-60 - .50 : . . . 50 . . . :
-5 2.5 0 2.5 5 -0  -40 20 0 20 40 60 60 -40 20 0 20 40 60

Frequency Offset (MHz)

Fig. 20.

Frequency Offset (MHz)

Frequency Offset (Hz)

Output spectra of the three LTE channels: 1.4 MHz (left), 10 MHz (center), and 20 MHz (right). The spectrum with DPD disabled is overlaid,

showing spectral regrowth. The linearity performance with the 20-MHz signal is limited by the setup bandwidth (80 MHz).
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PA output power with DPD enabled (red solid), DPD disabled (blue dotted), and drain voltage (black solid) of three LTE signals: 1.4 MHz (left),

10 MHz (center), and 20 MHz (right). The voltage supply ripple shows the effect of internal resistance in the pDAC IC.

A. Radar Signals

The range resolution of a radar is proportional to the band-
width of the transmitted pulsed signal. Short pulses, however,
reduce ranging capability, and pulse compression techniques
overcome this tradeoff by frequency (i.e., chirping) or phase
modulation (i.e., BPSK, Barker codes) with usually rectan-
gular pulses [31]. Constant envelope pulses result in spectral
spreading [30]-[34] and high time sidelobes (—13.2 dB) at
the output of the matched filter in the receiver can obstruct
the presence of a target or give false target detection. Intro-
ducing amplitude modulation to the pulse envelope can help
with spectral confinement and significantly reduce sidelobes
at the output of the matched filter in the receiver [31].

However, applying an amplitude modulation to the RF pulse
envelope increases the dissipation in the PA, unless the
PA supply voltage is modulated to track the efficiency
peak [30].

To demonstrate this concept with this MMIC PA and supply
modulator, we consider test signals with a pulse duration
of 10- and 100-us repetition period (10% duty cycle). The
pulse envelope is shaped with three different windowing
functions: triangular, Hanning, and Blackman [31]. Results are
compared to the standard rectangular envelope pulse. Each
pulse is frequency modulated with a 5-MHz linear chirp to
increase the bandwidth while keeping the same pulse enve-
lope and duration. Results of the three windowing functions
are summarized in Table II. The output power spectra of
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the three types of pulses are provided in Fig. 18, while
the output of the matched filter on the receiver is shown
in Fig. 19.

As expected, the rectangular pulse reaches the highest CPAE
of 50.6% and the widest bandwidth of 4.5 MHz, with a very
high first sidelobe at —13.5 dB. By tapering the pulse envelope
with a Blackman window, it is possible to reduce the temporal
sidelobes up to —52 dB. The efficiency improvement with the
pDAC IC as compared to a pulsed constant supply is between
11% and 14% points. Table II also shows the efficiencies
obtained with a similar PA and the hybrid pDAC [30], for
only amplitude-modulated pulses. This comparison is included
since the results are consistent with the efficiency character-
ization of both pDACs (Section IV). The hybrid pDAC +
PA performs more efficiently due to lower internal resistance,
leading to higher pDAC and PA efficiencies. It is interesting
that the PA efficiencies are very similar with the two supply
modulators for a rectangular drain pulse and input amplitude
modulation, when the PA is operating most of the time in
L-mode (and inefficiently) and so the impact of the supply
modulator resistance in this operating mode is less evident,
as also discussed in Section IV. When SM (SM + DPD case)
is employed, the PA is operated in P- and C-modes; thus,
the impact of the pDAC internal resistance penalizes the PAE,
as also highlighted in Fig. 14(c).

B. Communication Signals

In this section we demonstrate the transmitter capability to
efficiently amplify LTE channels of 1.4-, 10-, and 20-MHz
bandwidth with PAPRs between 9.6 and 11.4 dB. For each
signal, the transmitter performance for fixed supply voltage
and modulated supply is compared, in both cases with DPD
linearization. In-band metrics such as error vector magnitude
(EVM), as well as out-of-band characteristics, such as the adja-
cent channel leakage ratio (ACLR), are evaluated. For these
measurements, the short connection between the PA and the
pDAC is reestablished and only the CPAE is measurable and
reported in Table III. The RF input, PN avg, and output aver-
age power, Poyut,avG. are measured, as well as the total input
dc power to the pDAC, Ppp, at the input of each half-bridge
and driver of the pDAC. The DPD significantly reduces out-of-
band distortion, as evident in Fig. 20. The time-domain drain
voltage and RF output envelope for the considered signals are
provided in Fig. 21 which also shows reduced discontinuities
when DPD is employed. The nonperfect linearization of the
20-MHz LTE signal is most likely due to the bandwidth
limitation constrained by the 80-MHz analog bandwidth of
the VST-5644R; the nonlinear expansion of the DPD would
require a bandwidth of 3—5 times the original bandwidth,
exceeding the VST capabilities [1]. Nevertheless, the CPAE
improves over 20 percentage points using SM as compared
to the constant supply case while the supplied dc power is
reduced more than 50%. The corresponding linearity perfor-
mance is obviously somewhat deteriorated but still compliant
with communication standards [35]. The CPAE variation from
40% to 32% for signals with 1.4 MHz versus 20 MHz
bandwidth is likely due to the different PAPRs, i.e., 9.6 versus
11.4 dB, and does not depend on the signal bandwidth.
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Different PAPRs result in a different average RF output power
(1.4 versus 0.85 W) that requires more power from the
pDAC (about 2.8 versus 1.7 W, estimating a PA efficiency of
around 50%). As can be observed in the characteristics shown
in Fig. 11, this condition enables the pDAC to operate closer to
its peak efficiency when the 1.4-MHz, 9.6-dB PAPR signal is
considered.

VI. CONCLUSION

This paper details an X-band envelope-tracking transmitter
with an MMIC PA and an integrated multilevel supply modula-
tor (pDAC). The two chips are fabricated in the same 0.15-um
GaN-on-SiC depletion-mode process. Integrated transmitter
performance is demonstrated within a very small footprint
and shows a total composite efficiency (CPAE) improvement
of 14% points for radar signals and 10 points for LTE signals
over the constant supply case. One of the main contributions
of this paper is detailed characterization of the losses in the
overall transmitter, which includes the PA, dynamic supply,
and drivers. Pulsed characterization is applied to extract the
dynamic Ry of the GaN switches in the pDAC, which affects
the internal resistance of the supply modulator. An efficiency
model of the pDAC with driving and conduction losses
is developed and validated with measurements. The supply
modulator demonstrates a slew rate of 5 kV/us and a peak
efficiency of 97.2% at 4.8-W output power.

The CPAE with a GaN IC pDAC is compared to that using
a hybrid pDAC with enhancement-mode GaN-on-Si devices,
showing the tradeoff in PAE and modulator internal resistance.
The 0.15-um microwave GaN process presents some draw-
backs for the supply modulator integration as follows.

1) Only n-type devices are available, which makes it
impossible to implement efficient fully-complementary
drivers with zero static power dissipation.

2) The normally-ON devices are not ideal for power
supplies since any failure in the driver supply
produces a destructive short circuit of the power
switches.

3) Additional bias voltages are required, with a consequent
increased complexity of the external bias board and
interconnections to the chip.

4) The relatively high Ron/mm of this process and
the further increase in dynamic Ron due to trap-
ping and thermal effects limit the maximum effi-
ciency for high supply currents and impose the use
of large periphery power switches (i.e., large chip
area).

5) The significant internal resistance of the supply modu-
lator not only impacts the efficiency of the supply mod-
ulator but also the performance of the PA by reducing

its output power, gain, and efficiency.
Because of these issues and with the considered bandwidths,

the integrated pDAC efficiency performance does not exceed
that of hybrid pDAC implementations for radar and com-
munication signals. However, the overall size of the pDAC
integrated version is 10 times smaller than the hybrid pDAC
with a higher power density. Further development of GaN tech-
nology, enhancement-mode power devices, and CMOS logic
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will enable more efficient integrated solutions. In addition,
the possibility of heterogeneous integration of CMOS and GaN
technologies [36] would be ideally suited to a fully integrated
and highly efficient transmitter using the architecture presented
in this paper.

In conclusion, a 9.57-GHz 10-W 22-dB  gain
supply-modulated GaN transmitter with DPD is demonstrated
on two signal types. An amplitude-modulated chirped pulse
results in an average CPAE of 45%, showing 11%-14%
points improvement over fixed supply operation, with a
dramatic increase in linearity evidenced by up to 52 dBc first
time sidelobe level. Furthermore, 1.4-, 10-, and 20-MHz LTE
signals result in an overall efficiency between 32% and 40%,
corresponding to an efficiency improvement of 20% points
compared to the fixed supply case, with linearity recovered
with DPD. The highly efficient performance obtained with
two separate ICs shows the potential of a fully integrated
PA-modulator chip.
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