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A new GaN-based high-speed
and high-power switching circuit
for envelope-tracking modulators
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In this paper, we report a new high-speed and high-power switching circuit based on GaN HEMT’s. The elementary switching
cell, composed of two GaN HEMT’s and two resistors, acts like a power threshold comparator with high-output voltage.
Theoretical analysis of static and dynamic circuit operation points out the dependence of efficiency and switching speed to
the main circuit elements. Four switching cells are then combined together thanks to SiC Schottky diodes to design a multi-
level power switch that can be used as a power supply modulator for envelope tracking power amplifiers. The designed four-
level supply modulator, based on Nitronex GaN HEMT’s, exhibits more than 75% of efficiency for an envelope signal up to
4 MHz, a switching frequency of 20 MHz and output voltages in the range of 12–30 V.
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I . I N T R O D U C T I O N

New generations of wireless communication systems require
data transmission rates that are constantly increasing.
Modulation schemes needed to improve spectral efficiency
result in radio frequency (RF) signals having large peak to
average power ratios (PAPR). In order to ensure signal integ-
rity, transmitters must meet stringent linearity specifications
that put a challenging dilemma on DC consumption reduction
and electrical efficiency enhancement of power amplifiers.
Basically, linear amplification of non-envelope constant RF
signals consists in using oversized PAs that operate at
output power back off. Doing so, linearity performances are
reached at the detriment of poor efficiency performances.

Envelope tracking (ET) is an interesting approach to over-
come efficiency versus linearity antagonism. The quite simple
idea is to save DC consumption of power amplifiers at backed
off power levels by lowering dynamically the drain bias voltage
synchronously with the instantaneous envelope decrease of
the RF input signal. For that purpose, an envelope tracking
power amplifier (ETPA) includes a drain bias modulator
based on the use of a DC/DC converter to modulate drain

bias versus instantaneous envelope variations of the input
RF signal as illustrated in Fig. 1.

The output of the DC/DC converter supplies the drain port
of the power amplifier with a time-varying voltage following a
drain bias trajectory having a generic shape as illustrated in
Fig. 2.

Drain bias trajectories required in ETPA can be done either
in a continuous way (CET: continuous ET) or according to a
discrete multilevel representation (MET: multilevel ET). In
this work, a discrete four-level ET implementation is
considered.

The drain bias modulator must be wideband and highly
efficient, otherwise it impacts to much the overall efficiency
and any implementation of ETPA architectures loses its inter-
est. The design of wideband, high-power and efficient supply
modulators still remains the cornerstone for adaptive, linear
and efficient power amplification. GaN devices appear to be

Fig. 1. Envelope tracking amplifier block diagram.

Corresponding author:
P. Bouysse
Email: philippe.bouysse@unilim.fr

1XLIM C2S2, 123, Avenue Albert Thomas, 87000 Limoges Cedex, France.
Phone: +33 555 457 295
2XLIM C2S2, 7, rue Jules Vallès, 19100 Brive, France
3CNES, 18 Av. Edouard Belin, 31055 Toulouse, France
4III-V Lab, route de Nozay, 91460 Marcoussis, France

13

International Journal of Microwave and Wireless Technologies, 2014, 6(1), 13–21. # Cambridge University Press and the European Microwave Association, 2013
doi:10.1017/S1759078713001062

https://doi.org/10.1017/S1759078713001062 Published online by Cambridge University Press

mailto:philippe.bouysse@unilim.fr
https://doi.org/10.1017/S1759078713001062


the best potential candidates to face this challenge. A lot of
works, proposing original supply modulator topologies, have
been reported during the past years [1–10]. One of the most
popular architecture is the hybrid switching amplifier (HSA)
described in [2, 6–10].

This paper proposes a novel supply modulator topology,
addressing the implementation of ETPA in base stations.
The work reported here concerns the design and implemen-
tation of a discrete multilevel supply modulator. It is based
on a novel high-speed and high-power GaN switching
circuit that has not been yet reported to our knowledge.

In Section II, the core switching cell is presented. Static and
dynamic behaviors are described. Fast transients and short
switching times are highlighted.

Section III deals with the design of the supply modulator
using an appropriate combination of the proposed switching
cells. Some experimental results are discussed and demon-
strated the potentialities of the proposed modulator.

To conclude further investigations are mentioned.

I I . T H E P R O P O S E D G A N H E M T
S W I T C H I N G C E L L

A) The proposed core switching cell
The switching circuit topology is based on the use of two
HEMT transistors as shown in Fig. 3.

For proper operation, transistor T2, which is the main
switching device delivering power to the load, is necessarily
a normally-on transistor driven with a negative gate–source

voltage. Transistor T1 acts as a driver and controls the
current in resistor R2. T1 and T2 are power GaN devices of
different sizes depending on the required output current as
explained later in the paper.

The core switching circuit in Fig. 3 behaves like a threshold
comparator with two stable ON/OFF states. Resistor R1

ensures stability. Resistor R2 enables the self-biasing of transis-
tor T2 during its OFF state.

ON State of the cell, ideally VOUT ¼ VDD:
Transistor T1 is pinched-off. No current flows across resis-

tors R1 and R2. The gate–source voltage VGS2 is equal to zero.
Transistor T2 state is ON and its drain–source impedance is
RON. The output voltage VOUT is nearly equal to VDD, neglect-
ing the dropout voltage due to RON.

OFF State of the cell, ideally VOUT ¼ VP:
Transistor T1 state is ON. There is now a current flowing

across resistors R1 and R2. Transistor T2 reaches a self-biased
point at a gate–source voltage VGS2 close to its pinch-off
voltage VP. Transistor T2 is almost in an OFF state and
VOUT voltage is very close to VP.

Dynamic switching characteristics
The analysis of switching transients is a key aspect to opti-
mize maximum switching frequency and consequently the
intrinsic speed capability of the proposed circuit for its use
in wideband ETPA. Figure 4 shows the equivalent circuit
used for the theoretical analysis of the circuit behavior.
The goal here is to evaluate the dependence of the switching
speed as a function of intrinsic capacitances of the main
transistor T2. The simplified model of T2 is composed of
two main capacitances CGS and CDS and a current controlled
source ID. Transistor T1 is considered here as an ideal switch
modeled by a serial resistor RT1ON or RT1OFF, depending on
its ON/OFF state.

The current source ID of T2 is described by the piecewise
equation (1) which is representative of the operating trajectory
in the (ID, VGS) plane (see Fig. 5). The gate–source voltage VGS

is bounded between VGSOFF and VGSON, so that there is no
need of defining an equation for VGS values lower than pinch-
off value 2Vp. The ideal output load line in the (ID, VDS)
plane, plotted in Fig. 5, is bounded between VDSON voltage
at low VDS and VDSOFF voltage at high VDS. These ideal trajec-
tories represent the static operation of the circuit. So, they
depend only on resistive and convective intrinsic elements
of transistors, there are no specific assumptions on capacitive
elements. Concerning device T1, the ON/OFF resistors RT1ON

Fig. 2. Example of continuous and MET implementation.

Fig. 3. Schematic representation of the core switching cell. Fig. 4. Simplified schematic for theoretical analysis.
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and RT1OFF slightly impacts on VGSON and VGSOFF steady-state
values. The resistor RON of device T2 impacts on the value of
VDSON voltage and must be minimized to avoid a too impor-
tant voltage drop at ON state.

ID = IDSS 1 + VGS

Vp

( )
if − VP , VGS , −VK

ID = VDD

RL + RON
if − VK , VGS , 0

⎧⎪⎪⎨
⎪⎪⎩

(1)

When switching from OFF to ON states, the current ID

reaches its maximum value IDMAX (i.e. ON state value) at
VGS equal to the knee voltage 2VK. The value of VK in
equation (2) is obtained by combining equations (1) at the
point VGS ¼ 2VK.

VK = VP 1 − VDD

(RL + RON )IDSS

( )
. (2)

For VGS values between –VP and –VK, the current source ID is
described with the simplified linear equation of a transistor
working in its saturation area. For VGS values between –VK

and 0, the transistor operates in the Ohmic area, and for con-
venience here, the drain current is assumed to be constant and
independent of VGS voltage. This particular trajectory, proper
to this switch mode operation, has been validated by transient
simulations achieved by using a complete non-linear transis-
tor model.

Coming back to circuit schematic of Fig. 4 and going on
with the piecewise analytical description of ID current, two
second-order differential equations of VGS can be then
derived. In order to simplify calculations, we use equations
truncated to the first order (see equations (3) and (4)).

RLIDSS + 1 + RT1 + R1 + RL

R2
+ RLIDSS

VP

( )
VGS(t)

+ (RT1 + R1) CGS + CGD 1 + RLIDSS

VP
+ RL

R2

( )[ ](

+ RLCGS

)
dVGS(t)

dt
= 0, if −VP , VGS , −VK ,

(3)

RLVDD

RL + RON
+ 1 + RDS1 + R1 + RL

R2

( )
VGS(t)

+ (RDS1 + R1) CGS + CGD 1 + RL

R2

( )[ ]
+ RLCGS

( )

dVGS(t)
dt

= 0, if −VK , VGS , 0.

(4)

The initial value VGSOFF is determined by solving equation (3)
considering the steady-state (d/dt ¼ 0) and taking RT1 ¼

RT1ON.

VGSOFF = −RLIDSS

RT1ON + R1 + RL

R2
+ RLIDSS

VP
+ 1

( ) . (5)

Starting from this initial value, the OFF–ON transition is
analyzed using equations (3) and (4). The resolution of
equations (3) and (4) leads to an OFF–ON transient com-
posed of two steps as shown in Fig. 6. The first step, in
which the output voltage VOUT is established, has a duration
tK. Then, during the second step, the VGS voltage continues
to increase up to VGSON final value.

Fig. 5. Linear piecewise characteristic ID ¼ f(VGS) of transistor T2 and output ideal load line.

Fig. 6. VGS and VOUT time waveforms during OFF � ON transition for
R1 ¼ 8 V, R2 ¼ 35 V, RL ¼ 80 V, VDD ¼ 50 V, RON ¼ RT1ON ¼ 2 V,
RT1OFF ¼ 100 KV, IDSS ¼ 1.6 A, VP ¼ 1.8 V, CGS ¼ 10 pF, CGD ¼ 0.25 pF.
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The expression of tK is given in equation (6) where t1 and
V0 are constants derived from solving equation (3).

tK = −t1 ln
VK + V0

V0 − VGSOFF

[ ]
, (6)

where

V0 = −RLIDSS

1 + RT1OFF + R1 + RL

R2
+ RLIDSS

VP

(7)

and

t1=
RT1OFF+R1+RL
( )

CGS+ RT1OFF+R1
( )

CGD 1+RLIDSS

VP
+RL

R2

( )

1+RT1OFF+R1+RL

R2
+RLIDSS

VP

.

(8)

In the ideal case where RT1OFF tends to infinity and R1 to
zero, the expression of tK reduces to equation (9). This
expression highlights the dependence of the switching time
tK as a function of intrinsic capacitances of T2. A simple
numerical evaluation shows that the contributions of CGS

and CGD capacitances are almost the same. The switching
speed is directly linked to the amount of electrical charges
stored in the capacitances. Although CGD is smaller than
CGS, it is charged with VGD voltage, which is about 20 times
higher than VGS voltage. Finally, these two capacitances
store almost identical charges.

Equation (9) also shows that the switching time tK is mini-
mized if 2VK tends to VGSOFF. This can be done by increasing
IDSS, i.e. by oversizing T2 comparatively to the required IDMAX

current.

tK = R2CGS + R2CGD 1 + RLIDSS

VP
+ RL

R2

( )( )

× ln
−VK

VGSOFF

[ ]
. (9)

The second step of the OFF–ON transition is done by
solving equation (4). This step is characterized by a time con-
stant t2 (equation (10)) and the VGSON steady-state value
(equation (11)). In this step, VOUT voltage is already estab-
lished and we can consider that the cell is switched on, the
time constant t2 affects only VGS voltage.

t2 =
RT1OFF +R1+RL
( )

R2CGS+ RT1OFF +R1
( )

R2CGD 1+RL

R2

( )

RT1OFF +R1+R2+RL
,

(10)

VGSON = − RL

RL + RON( )
R2 VDD

RT1OFF + R1 + RL + R2
( ) . (11)

A similar theoretical analysis for the ON–OFF transition is
performed and it shows that the ON–OFF switching time is at

least five times lower than tK, depending on component
values.

To sum up, the switching speed of the cell is limited by the
OFF–ON switching time (tk). It can be minimized by using
large size power transistors with small pinch-off voltages.

I I I . I M P L E M E N T A T I O N O F T H E E T
M O D U L A T O R

A) Schematic and performance analysis of the
MET modulator
The block diagram of the proposed discrete multilevel supply
modulator is given in Fig. 7. It consists in switching N DC
supplies having different VDDi voltage values to a common
load RL. For that purpose the output of each switching cell is
connected to the load through a fast switching diode.
Depending on the required voltage VDDi across the load,
only one switching cell among N is active at a same time and
feeds the load with current flowing from DC bias VDDi. Diodes
ensure isolation between the output of the activated cell and
the output of all other inactivated cells. Otherwise there
would exist a current sinking at the output of inactivated cells.

Fig. 7. Block diagram of the N cells multilevel modulator.

Fig. 8. Example of VOUT time waveform and fourth cell input signal (N ¼ 7).
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Let us now consider a theoretical analysis of the supply
modulator DC consumption. In the following, power effi-
ciency performances are calculated during the steady states
and power losses occurring during voltage transients are not
taking into account. An example of ideal discrete multilevel
output voltage waveforms is given in Fig. 8, corresponding
to the combination of seven switching cells. As mentioned
earlier that only one switching cell is in an ON state,
whereas all the others are in OFF states. It is also assumed
that the activation of each cell follows a uniform density prob-
ability. Considering N cells and a recurrence time equal to Nt,
each switching cell is activated during a time t and is inacti-
vated during a time equal to (N 2 1)t. Each input control
signal, noted Ini in Fig. 7, has a duty cycle l ¼ 1/N.

Considering the basic operation of each switching cell
described in the Section II.B and following assumptions men-
tioned above, the expression of the average DC supply power
and the average output power of the supply modulator are
given respectively in equations (12) and (13).

PSUPtot =
∑N

i=1

PSUPi =
1
N

∑N

i=1

V2
DDi

RL +RON
− N −1( )VGSOFF VDDi

R2

( )
,

(12)

POUT = 1
N

∑N

i=1

1
RL

RL

RL + RON
VDDi − VDiode

( )2

. (13)

The supply modulator efficiency h is given equation (14).

h = POUT

PSUPtot

=

∑N
i=1

1
RL

RL

RL + RON
VDDi − VDiode

( )2

∑N
i=1

V2
DDi

RL + RON
− N − 1( )VGSOFFVDDi

R2

( ) . (14)

with VGSOFF expression given in equation (5).
DC powers (PSUPtot) and output powers (POUT) as well as

efficiency are plotted versus the number of cells respectively
in Figs. 9 and 10. Minimum and maximum supply voltages
are respectively VDD1 ¼ 14 V and VDDn ¼ 50 V. N intermedi-
ate values VDDi are uniformly distributed in the range VDD1 to
VDDn.

Analytical calculations are compared to ADS simulation
results. ADS transient simulations are performed by taking a
recurrence time Nt of 200 ns. For simulation purpose, a non-
linear model of a 6 × 400 mm GaN HEMT from III–V Lab
foundry was used.

We can observe a good agreement between simulated and
theoretical results. The simulated curves indicate slightly
lower performances because they take into account power
losses during transients.

When the number of cells increases, the output power
remains quasi-constant, while the DC supply power increases,
leading to efficiency decrease. In fact, inactive cells consume
some energy. As the number of inactive cells increases, the
corresponding dissipated power increases, inducing a
reduction of the efficiency. Consequently, according to our
experience, we can consider that an optimal number of
switching cell is of the order of four.

In Fig. 10, the theoretical efficiency curve is the optimal
curve for this set of values. The simulated curve is slightly
lower because it takes into account transition losses.

Fig. 9. Average powers versus the number of cells for R1 ¼ 8 V, R2 ¼ 90 V,
RL ¼ 80 V, RON ¼ 2 V, IDSS ¼ 1.6A, VP ¼ 2.1 V.

Fig. 10. Efficiency versus the number of cells for R1 ¼ 8 V, R2 ¼ 90 V, RL ¼

80 V, RON ¼ 2 V, IDSS ¼ 1.6 A, VP ¼ 2.1 V.

Fig. 11. Block diagram of the complete MET modulator (four cells).
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I V . D E S I G N A N D
I M P L E M E N T A T I O N

A) Four-level MET modulator
This part is devoted to the implementation of a four-cell
supply modulator as presented in Fig. 11. T1 and T2 transistors
are RF GaN HEMT’s on Si substrate from Nitronex. Their
nominal output powers are 5 W (NPTB00004) for T1 and
45 W (NPT1004) for T2. Maximum currents are respectively
1.3 and 9.5 A.

The input signals C1,. . .,4 (Fig. 11) are digital signals coming
from an FPGA. Driver blocks are realized with fast 1 GHz
bandwidth LMH6703 Operational Amplifiers from Texas
Instruments.

These drivers allow us to:

– Match voltage levels between FPGA outputs and T1 transis-
tor gate ports. FPGA output voltages are between 0 and 3 V
and signal driving T1 gates must be between 0 and 23 V.

– Supply T1 transistor gates at high frequency with sufficient
current.

– Isolate FPGA outputs from the high-power switching
circuit.

Silicon carbide Schottky diodes CSD01060 from CREE are
used. These diodes present negligible recovery time and a suf-
ficient current handling (5 A). They are not limiting com-
ponents in terms of switching speed but it is necessary to
take into account their DC consumption in the whole power
efficiency budget.

The photography of the built-in four-level MET modulator
is depicted in Fig. 12.

B) MET modulator characterization setup
The overview of the complete ET system is presented in
Fig. 13. The input envelope signal is digitized by using a 14
bits 250 MHz ADC. Only the two MSB bits are used by the
FPGA to generate four command signals (Ci) required for
driving the switching cells.

The LTC2285 ADC demoboard from Linear Technology
that we use has two channels, 125MSPS maximal sampling
speed and 1–70 MHz input frequency bandwidth. The
Xilinx FPGA is on a Digilent development board.

V . E X P E R I M E N T A L R E S U L T S

A) Measurements with an envelope signal
having a ramp waveform
In a first validation test, we use a 5 MHz frequency ramp as
the input envelope signal. The sampling frequency is fixed
to 20 MHz. The discrete supply values are 12, 18, 24 and
30 V and the load RL is 50 V. The output voltage VOUT

measured across the load resistance RL is plotted in Fig. 14.
We can observe that measurements are very close to the

ideal theoretical signal. We observe a dropout voltage of
about 1.2 V compared to the power supply voltages for each
of the four steady-state output levels. This dropout voltage
is due to the dropout voltage across Schottky diodes estimated
to 0.6 V and the saturation voltage VDSsat of the power transis-
tor T2 estimated to 0.6 V. For the 30 V switching state, the
current flowing across the transistor T2, which is also the
current in RL, is equal to 580 mA. In this case, the RON

Fig. 12. Photography of the MET modulator.

Fig. 13. Complete MET modulator system.
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resistance of transistor T2 is about 1 V. The efficiency of the
system for every switching state is indicated in Fig. 14.

B) MET modulator performances versus
envelope frequency
In a second test, we use a 2 MHz sinusoidal input envelope
signal. The measured time domain waveform of the output
voltage VOUT is plotted in Fig. 15.

The average efficiency is calculated on one period of the
envelope signal and is defined as the ratio between the
average output power and the average supply power.
The average output power is derived from the measured
RMS value of VOUT voltage. This average efficiency takes
into account efficiencies at each switching state, it depends
on the probability of each state and thus on the envelope
waveform. The average efficiency of the system was measured
when varying the envelope frequency in the range 200 KHz–
4 MHz (see Fig. 16). The efficiency decreases with the envel-
ope frequency.

When applying this sine wave envelope test signal, every
cell is activated with a same probability and same time dur-
ation. In the case of a useful radiocommunication signals,
the contribution of each cell to the output voltage Vout will
be very different. The average efficiency of the MET modu-
lator depends on the statistical properties of the envelope
signal (PDF, PAPR). The target of this work is to build a
supply modulator having at least 80% efficiency and 10
MHZ bandwitdh. A fully integrated implementation, using
GaN dies instead of package and surface-mounted devices,
is under development at III-V Lab foundry. This integrated

structure, in progress, will enable to reduce switching times
and will provide thermal dissipation improvements.

V I . C O N C L U S I O N

In this paper, we have presented a high-speed and high-power
supply modulator based on the use of GaN HEMT power
transistors. A novel switching cell architecture has been pro-
posed and described. Using the proposed core switching
cell, we have built a multilevel supply modulator demo
board for ET applications. Experimental results have validated
the technique for switching different supply voltages at high
frequency. Improvement of this first prototype in terms of
switching speed and enhanced efficiency will be achieved
with an integrated design.

Work in progress will now consist in coupling of the pro-
posed supply modulator to the drain bias port of an RF power
amplifier driven by variable envelope RF signals. An impor-
tant first aspect to be noticed is that power performances of
the proposed supply modulator remain very insensitive to
load variations.
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