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The Use of GaN RF Switches in 
High-Power Radio Design
Manish Shah
Tagore Technology Inc., Arlington Heights, Ill.

GaN RF switch technology enables the effi cient realization of modern high-power multi-band 

radios in terms of size, weight and power (SWaP) while signifi cantly reducing complexity.

P
IN diode technology has 
been the historic choice to 
realize the RF switch func-
tion in RF front-end (RFFE) 

high-power radio design. This 
technology was adequate as the 
number of frequency bands were 
limited and board space was not 
a constraint. Modern high-power 
base stations and tactical military 
communications radios, however, 
are required to cover many bands to 
meet demand for secure voice and 
data communication while optimiz-
ing SWaP.

5G base station remote radio 
head (RRH) design is becoming ex-
tremely complex, driven by mMIMO 
architectures, where many RFFEs 
must be implemented in limited 
board space. RRH units are typically 
mounted on tall poles, which adds 
additional constraints in terms of 
total size and weight to ease instal-
lation and maintenance of base sta-
tion equipment. RFFE effi ciencies 
and total loss budgets are also criti-
cal to manage total thermal dissipa-
tion. Lower loss in front-end fi lters 
and RF switches helps reduce total 
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 Fig. 1  Dual PA front-end for a tactical military communications (MIL-COM) radio.

1

TS8x2xx

37/35 dBm (LB/HB)

75/80
dBc

f0

2

LB Rx

1

TS8x2xx

2

nf0

HB Rx

1

TS8x2xx

2

4

3

2

1

TS8x4xx

4

3

2

1

TS8x4xx

4

3

2

1

4

3

2

1

TS8x4xxTS8x4xx 2000 MHz
Path

1000 MHz

@ 10-20 W

TA9210/TA9310E

30-500 MHz

@ 10-12 W

TA9210D

500-2600 MHz

10 dBc

power loss and relaxes heat sink 
requirements, which also reduces 
RFFE size and weight.

High-power phased array radars 
are like 5G base stations, where 
many RFFEs are required to be in-
tegrated in a limited board space. 
It is becoming prohibitively diffi cult 
to realize multiple frequency bands 
and multiple RFFEs distributed over 
a wide frequency range with tradi-
tional PIN diode switch technology 
due to the complex biasing schemes 
and numerous passive components 
required. New RF switch technol-
ogy can help solve many of these 
issues.

TACTICAL MIL-COM RFFE 

REQUIREMENTS

Figure 1 represents the typi-
cal dual power amplifi er (PA) RFFE 
lineup of tactical military communi-
cations radio. The dual PA architec-
ture, normally with GaN-based PAs, 
is most common, covering a broad 
frequency range of 30 MHz to 2.6 
GHz. Continuous frequency cover-
age is essential in many proprietary 
military software-defi ned radios 
covering 30 MHz to 2.6 GHz, for a 
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the frequency within the band. For 
example, as shown in Figure 2, the 
fi rst band cannot be 30 to 60 MHz, 
or one octave, since the second 
harmonic of 30 MHz falls within the 
band. The fi rst band must be 30 to 
50 MHz, assuming a 10 MHz guard 
band to achieve the desired fi lter re-
jection to meet harmonic rejection 
requirements.

With a minimum 10 MHz guard 
band, frequency range must be split 
into eight discrete bands to have 
continuous coverage from 30 MHz 
to 2.6 GHz. The main function of the 
RF switch in this lineup is to route 
the RF signal to the appropriate 
harmonic fi lters and combine the 
signals, again, after passing through 
the harmonic fi lter to route them to 
the antenna. Performance of the RF 
switch is critical to the radio’s overall 
performance.

Switch insertion loss is one of the 
most important specifi cations to re-
duce total power dissipation. Lower 
insertion loss of the switch also re-
duces total power required from the 
PA. A reduction in PA output power 
lowers PA DC power consumption, 
one of the biggest contributors to 
a system’s total DC power require-
ment, thus improving the talk time 
of battery powered portable radios, 
which is crucial in mission-critical ap-
plications. Reduction in power loss, 
and thus total thermal dissipation, 
also helps reduce the size of the heat 
sink which in turn helps reduce the 
total size and weight of the radio, 
which is also very important in many 
military communication applications.

The second key specifi cation is 
switch harmonic performance, es-
pecially switches which are used 
after the harmonic fi lters. Land 
mobile/private mobile radio (LMR/
PMR) is specifi ed to meet a 75 to 
80 dBc harmonic requirement at 
rated power. PAs are operated deep 
into saturation for better effi ciency, 
where harmonic levels are in the 
range of 10 to 20 dBc. Thus, har-
monic fi lters are required to provide 
a minimum of 60 to 70 dB rejection 
to meet regulatory requirements.

For military radios, switches 
used after harmonic fi lters do not 
have the benefi t of harmonic fi lter 
rejection, thus their harmonic per-
formance needs to be better than 

6.5 octave band-
width; thus, a the-
oretical minimum 
of seven bands are 
needed.

A harmonic fi l-
ter, however, re-
quires a guard 
band to achieve 
the minimum re-
quired rejection for 
second harmonics 
of the lower end of 

 Fig. 2  Harmonic fi lter requirement for the tactical radio.
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BASE STATION AND RADAR 

RFFE REQUIREMENTS

Figure 3 represents the lineup 
of a typical base station or RRH 
unit. Modern 5G base stations use 
mMIMO architectures for electron-
ic beam steering, requiring many 
RFFEs depending on the number of 
transmitters and receivers in the ar-
ray. High-power phased array radars 
use similar architectures as well.

In both applications, RF switches 
provide a fail-safe function to pro-
tect the receiver in the event of a 
poor VSWR condition from the an-
tenna. In the event of poor VSWR, 
due to damage or an object, such 
as a bird blocking a portion of the 
antenna aperture, Tx power refl ects 
back to the radio during transmit. 
In the absence of a fail-safe switch, 
high refl ected power could dam-
age the sensitive receiver. A fail-safe 
switch is added in the receive (Rx) 
lineup to address such scenarios.

The fail-safe switch is switched to 
the Rx port during the Rx time slot 
and to the Tx port during the Tx 
time slot. In the event of high VSWR 
during Tx, the switch routes the re-
fl ected power coming from the an-
tenna through a circulator to a 50 Ω 
load connected at the Tx port of the 
switch, thus protecting the receiver 
from high power.

Key RF switch requirements for 
the fail-safe application are low in-
sertion loss in Rx and high power 
handling in Tx. During the Rx time 
slot, the switch falls in the Rx path, 
thus its loss directly impacts the 
overall noise fi gure and thus sensi-
tivity of the receiver. During Tx, the 
switch must handle the maximum 
transmit power in the event of poor 
VSWR and provide high isolation to 
the Rx port.

The system is designed to detect 
poor VSWR conditions, however a 
switch must handle high power until 
the system detects a fault condition 
and reduces Tx power or turns-off 
the transmitter. This duration is typi-
cally 10 seconds before the system 
reacts, thus the switch needs to 
handle high power without damage 
during this interval.

Typical isolation varies from 25 to 
35 dB depending on the maximum 
peak power of the transmitter and 
maximum power handling capabil-
ity of the low noise amplifi er. The 

it could pose a problem for higher 
bands. The second harmonic of the 
1 GHz signal path, shown by green 
arrow in Figure 1, for example, could 
pass through the 2 GHz signal path, 
shown by the red arrow. The 2 GHz 
path harmonic fi lter does not provide 
any rejection, thus combined input 
and output switch isolation must be 
higher than the rejection provided 
by harmonic fi lter to meet the overall 
harmonic requirement.

the overall requirement to meet 
the total transmit (Tx) lineup re-
quirement. Based on the harmonic 
performance of the PA+ fi lter, the 
harmonic performance of switches 
must be better than 80 dBc to meet 
regulatory requirements.

Figure 1 also demonstrates an-
other critical issue associated with 
switch isolation. Isolation of switches 
at lower frequencies is typically very 
high, so it is not an issue; however, 

 Fig. 3  Notional RRH front-end.
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high voltages and 
currents. These are 
key characteristics 
of wide bandgap 
devices such as 
GaN, and the same 
properties exploit-
ed to design high-
power GaN PAs.

Another impor-
tant parameter is 
the fi gure of merit 
(FoM) for high 

performance, high-power switches 
(Ron*Coff/VBV). Where Ron is ON 
resistance of the switch, Coff is 
the off capacitance and VBV is the 
breakdown voltage. The lower the 
number, the more superior the tech-
nology. Tagore’s second generation 
of GaN technology has a FoM of 
3 fs/V. As technology matures and 
improves, the FoM should improve 
further with newer generations, en-
abling further improvements in the 
switch performance.

GAN VERSUS PIN DIODE RF 

SWITCHES

 Tagore’s GaN RF switches are 
designed with depletion mode 
GaN HEMT technology. The GaN 
HEMT with a high breakdown volt-
age has a saturation current close 
to 1 A/mm, so a 2 to 3 mm device 
theoretically meets the peak current 
requirement for 100 W of power in 
a 50 Ω system. The switch function 
is like a silicon on insulator (SOI)-
based switch where the device is 
turned on/off by applying voltage at 
the gate terminal. Unlike SOI, how-
ever, where the breakdown voltage 
is very low, typically around 3 V, the 
breakdown voltage of a GaN device 
is very high.

A high-power switch can be real-
ized without stacking many devices 
in series, which is critical for reducing 
Ron and Coff. Because the devices 
are in depletion mode, they require 

switching time requirement for a 
base station application is less than 
1 us. For radar, the switching time 
requirement is more stringent as it 
directly impacts radar range.

GAN RF SWITCH TECHNOLOGY

GaN’s benefi ts in high-power 
PAs are well known. A wide band-
gap GaN device has a high power 
density due to its high breakdown 
voltage and high carrier density. 
GaN’s benefi ts in high-power switch 
technology are not as well known; 
however, the properties of GaN that 
improve PA performance apply to 
the realization superior high-power 
RF switches as well.

 As shown in Figure 4, there are 
two requirements for RF devices 
used in high-power RF switches. 
The ON arm of the RF switch must 
handle very high RF current, where 
the OFF arm must handle very large 
RF voltages. Table 1 lists peak RF 
voltage and current requirement 
versus RF power for RF switches.

For example, 10 W of RF power 
generated in a 50 Ω system produc-
es 32 V peak and 600 mA of peak 
current. With a 4:1 VSWR, which is 
typical for the front-end section of 
a radio, a switch must handle more 
than 50 V peak and 1 A of peak cur-
rent. For 100 W of RF power gen-
erated, a switch must handle 160 
V peak and 3.2 A of peak current. 
RF switches, therefore, must handle 

 Fig. 4  GaN RF switch.
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RF SWITCH PEAK RF VOLTAGE AND CURRENT

POWER  (W) VRFPEAK (V) IRFPEAK (A)

50 Ω 4:1 VSWR 50 Ω 4:1 VSWR

10 32 51 0.6 1.0

30 55 88 1.1 1.8

50 71 113 1.4 2.3

100 100 160 2.0 3.2
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tion of bias current, 
where OFF state 
power handling is 
controlled by ap-
plying a high re-
verse bias voltage. 
It requires high for-
ward bias current, 
in the range of 200 
to 400 mA for 100 
W switch, and high 
reverse bias volt-
age, in the range of 
140 V.

Figure 5a shows 
a typical imple-
mentation of a PIN 
diode-based SP4T 
100 W switch with 
the lowest operat-
ing frequency of 
50 MHz. The fi g-
ure shows the bias 
condition when 
the RF1 path is 
ON. To keep the 
ON resistance low, 
the ON path di-
ode is biased at 
400 mA, shown 
with red fonts and 
arrows. The OFF 
path shunt diodes 
are biased at 25 
mA and the series 

diodes are reversed biased at 140 
V. The ON state bias power require-
ment is 2 W (5 V × 400 mA) and the 
OFF state bias power requirement 
for each path is 3.5 W (140 V × 25 
mA). The total DC bias power re-
quirement to bias the 4T switch 
is 12.5 W. The majority of biasing 
power is dissipated in bias resistors, 
thus they must be capable high-
power dissipation. Additional boost 
circuitry is required to generate the 
high voltage to reverse bias the di-
odes from low supply rail.

As shown in Figure 5, the PIN 
diode requires 32 passive compo-
nents, not counting the boost con-
verter circuit, while the GaN-based 
switch can be realized with 3 V and 
200 uA current, or 0.6 mW total 
power consumption and two com-
ponents. As RF ports are 50 Ω with-
out any passive components con-
nected, the design can be imple-
mented and ported to any board, 
eliminating the design complexity 
associated with the diode switch.

negative voltage to turn them off 
and zero volts to turn them on. All 
Tagore switches are designed with 
a controller die co-packaged with 
GaN die. The controller generates 
gate voltage signals to control all 
the GaN devices. Negative voltage 
is generated inside the controller, 
so it requires only a minimum 2.7 V 
(5.5 V maximum) supply and a 1.2 
V (5.25 V maximum) logic signal 
to control the RF switch state. The 
only external component necessary 
is a bypass capacitor on the charge 
pump pin, as shown in Figure 5.

Unlike GaN RF switches, PIN di-
ode-based RF switch design is much 
more complex and requires many it-
erations to implement and optimize. 
Performance is heavily dependent 
on the parasitics associated with ex-
ternal components and board layout 
as many passive biasing devices are 
connected to the RF signal path. PIN 
diode control requires both high cur-
rent and high voltage. The ON state 
resistance of the PIN diode is a func-

 Fig. 5  PIN diode (a) and GaN (b) SP4T RF switches.
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shows that the switch has a PCW_0.1 
dB of 50 dbm (100 W). Harmonic 
performance is better than 80 dBc 
up to 90 W of power as shown in 
Figure 6(d). The 5 × 5 mm QFN 
package requires only one external 
capacitor. The switch is ideally suit-
ed for a high-power manpack, trunk 
mount radio application.

Figure 7 shows the performance 
of a TS8242FK, 4T switch with a 
PCW_0.1 dB of 30 W, ideally suited 
for fi lter bank fanout, as shown in 
Figure 1, for portable 10 W LMR/
PMR or military communications ra-
dios. The switch has 0.3 dB IL at 2.5 
GHz and harmonic performance is 
better than 85 dBc at 10 W.

TS8329FK switch performance 
(see Figure 8) is designed for a 

GAN RF SWITCH 

PERFORMANCE

The following examples from 
Tagore Technology’s portfolio of 
GaN RF switches with integrated 
controllers will illustrate the perfor-
mance capabilities of GaN. Figure 
6 shows the performance of its 
TS8021N 2T switch. Figure 6(a) and 
6(b) show the small signal perfor-
mance. It has a very low insertion 
loss (IL) of 0.2 dB at 1 GHz and less 
than 0.5 dB up to 4 GHz. Figure 6(c) 

GaN-based solutions require 
board space on the order of 1/10 of 
PIN diode designs—3 × 3 to 5 × 5 
mm—and DC power dissipation is 
almost zero, which reduces heat sink 
requirements, further reducing over-
all size and weight. The MIL-COM 
radio RFFE shown in Figure 1 would 
require 176 components for a PIN di-
ode solution, not including compo-
nents for high voltage boost circuit, 
versus seven switches and seven ca-
pacitors for a GaN-based solution.

 Fig. 6  TS8021N switch performance: 
insertion loss (a), isolation (b), 
compression (c) and harmonics (d).
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technology has been demonstrated. 
GaN RF switches address major chal-
lenges associated with board space 
and SWaP in tactical military com-
munications and base station radios. 
GaN switch technology eliminates the 
complexity associated with PIN diode 
switches for RF design engineers and 
makes the design portable, which is 
critical for mMIMO and phased ar-
ray architectures, given that Tx and 
Rx array size continues to grow. With 
further technology advancement and 
improvements in the FoM, newer 
generations of GaN-based switches 
will open the door for many appli-
cations, such as high-power tunable 
matching circuits, tunable antennas 
and tunable fi lters.

fail-safe function 
in massive MIMO 
(mMIMO) base sta-
tion applications. 
The switch has 0.5 
dB Rx IL and 35 
dB isolation in the 
newly released 5G 
C-Band. It has a 
PPEAK_0.1 dB of 100 
W and a switching 
time of 0.5 uS. Both 
TS8242FK and 
TS8329FK switches 
are integrated in 
small 3 × 3 mm 
QFN packages with 
only one external 
capacitor saving 
signifi cant board 
space compared to 
PIN diode solution.

High-power 
switches are ex-
pected to withstand 
very harsh conditions 
in terms of VSWR, 
especially switches 
close to the antenna. 
GaN RF switches 
have excellent ther-
mal and VSWR per-
formance. Figure 9 
shows the thermal 
performance of a 
TS8021N switch with 
50 W of input power 
into 50 Ω (see Figure 
9a) and with an 8:1 
VSWR (see Figure 
9b). The thermal im-
age is taken after the part is exposed 
to this condition for 1 minute. VSWR is 
shown for the worst condition, in terms 
of power dissipation, which happens in 

the low impedance 
state. The tempera-
ture in the opposite 
condition, worst in 
terms of peak volt-
age, is much lower 
and can be easily 
withstood because 
of the characteristic 
high breakdown volt-
age of GaN devices.

SUMMARY

High-power 
front-end design 
using GaN switch 

 Fig. 8  TS8329FK switch performance: insertion loss (a), 
isolation (b) and compression (c).
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 Fig. 9  TS8021N switch temperature profi le when matched 
to 50 Ω (a), with an 8:1 VSWR (b).
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 Fig. 7  TS8242FK switch 
performance: insertion loss (a), isolation 
(b), compression (c) and harmonics (d).
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