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Investigation of large power microwave nonlinear effects on amplitude-phase
controller chip for Ka-band phased array radar T/R modules
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Abstract. Large power microwave nonlinear effects on amplitude-phase controller chip were experimentally tested
and theoretical analyzed. This chip had the typical application on Ka-band phased array radar (PAR) transmit/re-
ceive (T/R) modules. The test platform was built up by a solid source and a pulsed magnetron to generate large
power Ka-band microwave. The degradation and destroy phenomenon were observed distinctly as the input power
amplitudes were improved. The total-state phase characteristics and the degradation thresholds of the selected chip
are obtained through a series of experimental tests. At last, the results are given by figures and the damage mecha-
nism is theoretically analyzed.
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tem, transmit/receive ( T/R) modules occupy about

Introduction 70% percent weights of the PAR antenna **'. T/R mod-
ules are comprised of semiconductor devices and chips,

In recent years, the operational capabilities of which are always the typical “front door” attacking target
phased array radar, especially the modern active digital- of the high power microwave ( HPM) 7] For most ca-

controlled phased array radar ( PAR) , offers previously

05 ses, the large power microwave signals are coupled
unknown advantages to users" .

In modern radar sys- through a receiving antenna to cause the degradation and
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damage of the chips and the systems. As a critical part in
T/R modules, once the amplitude-phase controller chip
is attacked, the phase scanning function in any direction
of the PAR in the digital domain could be lost. So the re-
liability and the input power capacity of the T/R modules
always determine the performance of the whole radar sys-
tem.

As the most important components in the amplitude-
phase controller chip, phase shifters have lots of types
according to different operational principles®*’. Of all
types, ferrite phase shifters and semiconductor phase
shifters are potential candidates applied in T/R modules.
Ferrite phase shifters are slow to respond to control sig-
nals and difficult to be used in rapid beam scanning. Al-
though with the disadvantages of relative higher losses at
microwave and millimeter-wave frequencies, semicon-
ductor device phase shifters have much faster response
speeds. As a result, semiconductor phase shifter inte-
grated in the amplitude-phase controller chip is widely
used in modern PAR systems'®’.

However, the major drawback with semiconductor
phase shifters is that they have limited power-handling
capability. So it is necessary to investigate the linear and
nonlinear power effects of the amplitude-phase controller
chips under the HPM irradiation. Unfortunately, rare re-
searches on this field have been reported until now.

In this paper, we focus on this problem and select a
chip of amplitude-phase controller as the experimental
target of the large microwave power. At first, the test fix-
tures are designed and assembled with the chip according
to the chip structure in the datasheet. After that, the low
power linear characteristics of the chip are tested by a
fixed-output continuous wave (CW) source. Moreover,
the large power nonlinear characteristics are investigated
by the high power pulsed magnetron. The degradation
thresholds and mechanism are analyzed theoretically fi-
nally.

1 Test platform and system

Amplitude-phase controller components and their
positions in the T/R module are shown in Fig. 1. In
modern T/R module, the RF switch, the phase shifter,
and the attenuator are always designed together as a chip
of amplitude-phase controller. The amplitude-phase con-
troller chip is always located behind the amplifier along
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Fig.1 Amplitude and phase controller components of the T/
R module
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the receiving branch in the whole system.

Based on the structure analysis of the T/R module,
we select one type of the amplitude-phase controller chip
as the experimental target because it is the significant
control core in the whole system. According to the criti-
cal parameters in the datasheet of the selected chip
shown in Table 1, test fixtures are designed and fabrica-
ted for the matching and connections from the chips to
the outside circuit by using the gold wire-bounding.
Fig. 2 gives the sketch of the fixture, together with the
assembled amplitude-phase controller chip.

Table 1 Critical parameters of the selected amplitude-phase
controller chip in its datasheet

F1 EEESSHFEERFHXESH

Operation frequency/GHz 34 ~36

Operation voltage/V -5/5
Insertion loss of the full-state/dB 10
phase shifter bit 6

phase shifter stepping/degrees 5.625
phase shifter precision/degrees 2

phase shifter range/ degrees 0 ~360

Fig.2 Sketches of the chip dimensions and the
test fixture for the amplitude-phase controller chip
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Test platform is comprised of more than ten components,
which is shown in Fig. 3. The whole system is built on
the basis of the signal coupling path from the microwave
source to the targets. A large power signal is generated
from the source through the 20dB adapted attenuator,
and transmitted by a rectangular horn antenna. Then the
signal is received by another rectangular horn antenna
and sampled by a 10dB directional coupler. After a 90°
curved waveguide, the signal is attenuated by a fixed at-
tenuator. Two pairs of converters including waveguide-
coaxial converters and coaxial-SMP converters are used to
achieve matching between the test fixture and the outside
circuit. At last, the output signal is detected by the de-
tector and analyzed by the equipment.

In the test platform above, a Ka-band solid-state
CW source with fixed output power and a Ka-band high
power pulsed magnetron are employed as microwave
sources. The output power of the Ka-band solid-state CW
source is fixed on about 1W and the frequency can be ad-
justed from 34 GHz to 36 GHz. The power level of the
pulsed magnetron is above a kilowatt and we can adjust
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Fig.3 Test platform and each component
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the power amplitude by different attenuators. The whole
system also includes other assistant equipment, such as
power supply, radiator and so on.

2 Experimental test processes

At the beginning of the experiments, the initial
phase shifting characteristics of the chip are tested by the
vector network analyzer (VNA). At 34. 9GHz, the ini-
tial phase state is tested and shown in the Fig. 4 (a).
For comparison, half phase shift state (180 degrees) of
this chip from the VNA is shown in Fig.4 (b). We can
see that the initial phase state is —41.4 degrees and the
half phase shift state is 146. 4 degrees after 180-degree
phase shifting, which indicates that the phase shift func-
tion of the amplitude-phase controller chip is normal and
the phase shift precision is acceptable according to the
data shown in Table. 1. The S,, parameters in the fre-
quency band of 34 GHz to 36 GHz are around -10 dB,
which illustrates the total insertion losses of the chip are
normal. Comparisons of the phase and the S,, parameters
between the two states above are draw in Fig.4 (c¢) and
Fig.4(d) , respectively.

Our tests are divided into two steps as below, inclu-
ding the CW lower power test and the pulsed larger power
test:

In the first experimental stage, the solid-state CW
source is used to test the lower power level (below 25
dBm) characteristics of the chip. For the maximum out-
put power of the solid-state CW source is 30 dBm, the
maximum power injected to the chip is about 25 dBm be-
sides all insertion losses of the test platform. To investi-
gate the gain property more accurately, the input power
is measure every time. The input power can be obtained
directly as the power meter indication at the end of the
system.

In the large power (above 25 dBm) test, a magne-
tron is employed to generate several kilowatts pulsed sig-
nal. For the pulsed power level is far beyond the capacity
of the power meter, a detector and an oscilloscope are
needed to calibrate the microwave power. Before that, a
power calibration for the detector is necessary to build up
the relationship between the voltage levels revealed in the
oscilloscope and the accurate power amplitude of the
pulsed signal, which is shown in Fig.5. After each test,
the fixture is taken down from the test platform and off-
line test for the phase shifting performance is carried out

Tnitial pha
180 d

Initial ate
180 deg ase shift state

-20
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Fig.4 Initial phase state (a) and the half phase shift state
(180 degrees) ,(b) shown in the VNA and the comparisons of
the phase, (¢) and the S,, parameters, (d) between the two

states before test
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by using a VNA. The off-line test method could protect
the expensive VNA from the large power signal irradia-
tion. By repeating the process above for several times as
the improvement of the input power and comparing the
phase shift capacity before and after receiving the large
power signal, the linear and nonlinear characteristics of
the chip can be obtained.
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Fig.5 Power calibration for the detector before test
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3 Test results

As the most significant parameters of the amplitude-
phase controller chip, the phase shifting capacity and the
insertion loss can directly reflect the performance and the
damage level. Both two parameters can be investigated
by the VNA. Resulis from the two-step test are as fol-
lows

(D CW input power is improved starting from - 15
dBm per 1dBm and the off-line test results are observed
for every irradiation. When the CW signal from the solid-
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state source reaches the upper limitation 30 dBm, the
phase shifting capacity and the insertion loss shown in
the VNA are still normal.

) Large power pulsed signals generated from the
magnetron are employed in the following test. The phase
shift capability of the chip keeps normal until the input
voltage level reaches 1.25 V in the oscilloscope, which
is shown in Fig. 6 (a). The typical data can be extracted
and drawn as Fig. 6 (b). The pulse width of the signal
is 168.4 ns. According to the power calibration between
the voltage level and the accurate power amplitude shown
in Fig. 5, this input power amplitude is 31 dBm. Fig.7
gives the off-line test results from the VINA after one
pulse irradiation.
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Fig.6 Microwave signals displayed in the oscilloscope (a)
and extracted pulsed wave profile (b)
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Fig.7 Initial phase state (a) and the half phase shift state
(180 degree) (b) shown in the VNA after 31 dBm pulsed sig-
nal irradiation and the comparisons of the phase (c¢) and the S,,
parameters (d) between the two states after test
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Compared to the initial phase shifting characteristics
shown in Fig. 4, three abnormal phenomena suddenly ap-
pear from the off-line test results:

(D The initial phase state changes from —41.4 de-
grees to 160.5 degrees.

(@ Secondly, the initial phase state is 160. 5 de-
grees and the half phase shift state is — 157. 1 degrees

after 180-degree phase shifting. Totally, the difference
between these two state is only 42.4 degrees.

@ Thirdly, the insertion loss of the half phase shift
state increases sharply from 9.48 dB to 22.94 dB.

Based on the performance comparison results be-
tween the first test and the last test, we can make the
conclusion that the chip has been degraded after irradia-
ted by the large power signal with the threshold of
31dBm. At last, the comparisons for typical parameters
of the chip before and after the experiments are summa-
rized in Table 2, in which the destroy points under the mi-
croscope after the experiments are shown in Fig. 10 (b).

Table 2 Parameters of the chip comparison before and after
the experiments

R2 ZWEIRESHSHMBXLTE

- Test after
Initial test .
the experiments

Ground-state phase/degrees -41.4 160.5
Phase shifting capacity/degrees 187.8 42.4
Insertion loss of the half phase shift state/dB  9.48 22.94
Destroy points under the microscope None Have
Status Normal Unrecoverable
damage

4 Damage mechanism analysis

On the device level, the phase shifter can be simpli-
fied as a two-port network that provides the phase differ-
ence between output and input signals, which is shown in
the Fig. 8. The two single pole double throw switch ( SP-
DT) is used to control the signal path with the reference
phase ®1. When the input signal switches from the net-
work 1 to the network 2, the phase difference ( ®2 —

®1) shift can be achieved.
_l Ontput

D1
Input I
SPDT —©

—— SPDT

D2

Fig.8 Basic structure of phase shifter
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The six-bit digital phase shifters are cascaded by
5.625°, 11.25°, 22.5°, 45°, 90°, and 180° phase
shifter units, as shown in Fig. 9. Different conditions of
shift phase between 0-360° with the step of 5. 625° are
controlled by series of digital signals generated from a da-
ta control board. From the total-state phase shift charac-
teristics, it can be seen that each digital phase shifter in
the amplitude-phase control chip has been damaged be-
cause of the most uniform phase difference between
neighboring two states.

On the semiconductor structure level, RF switches
in the amplitude-phase control chip are consist of GaAs
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Fig.9 System block diagram of a six-bit digital phase shifter,
in which the unit of the shift phases are degrees
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PIN diodes. GaAs pin diodes have advantages of low
conductivity, small knot capacitance and easy integration
to make the RF switches with the small insertion loss,
wide bandwidth and small size. The damage mechanism
of the large power microwave of the amplitude-phase con-
trol chip is mainly the breakdown effect of the pin diode
after the irradiation of the large power microwave pulse
shown in Fig. 10 (a). This is approved by the ampli-
tude-phase control chip photograph observed by micro-
scope in Fig. 10 (b). As shown, the phase shifter con-
sists of transmission lines, delay lines and PIN diodes.
Two obvious destroy points appear on the photograph.

Fig. 10 Chip photograph under the microscope (b) after
large power signal irradiation (a)
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The structure of the GaAs PIN diode, as shown in
Fig. 11, is inserted by an unbound intrinsic layer (I lay-
er) between the P-type semiconductor and the N-type
semiconductor to form a vertical structure pin diode. In
forward bias, pin diode has a small conduction resist-
ance. When the reverse bias is applied, the diodes con-
duction resistance becomes very large and the junction
capacitance are approximate to a constant value.

Ti/Pt/Au

ptGaAs

1Gass AWGe/Ni

nt+GaAs

S.IL

Fig. 11  Structure of GaAs PIN diodes
BT fififLER (GaAs) PIN 8 HO 41

For the sub-microsecond (100 ns ~ lus) pulse
width, the damage mechanism of the PIN diodes in this
paper can be explained with the theory of the current fila-

ments [ 10-11]. According to this theory, the formation
of current filament is caused by the negative resistance
effect after the avalanche breakdown of PIN diode. Due
to the self-heating effect of current filament and the nega-
tive temperature coefficient of the avalanche ionization
rate, the current filament moves back and forth in the
PIN diode. When the irradiation power reaches a certain
value (the threshold of 31dBm) , the thermal excitations
replace the avalanche excitations as the main source of
the carrier, and the avalanche current filament is
changed into the thermoelectric filament. The heat pro-
duction rate has a positive temperature coefficient, so the
higher of the heat production rate in the region of the
high temperature, the higher of the carrier concentration
and the higher of the current density and the power con-
sumption. Thus the further raising of the temperature
forms a thermoelectric positive feedback. The thermoe-
lectric filament is fixed to the edge of the device by this
positive feedback mechanism and shrinks continuously,
while the center temperature rises rapidly leading to the
damage of the PIN diode eventually.

5 Conclusion and discussion

The amplitude-phase controller chip for Ka-band T/
R module of PAR is selected as large power signal tar-
gets. After fabrication of the test fixture and building up
of the test platform, the irradiation experimental tests are
carried out. For the amplitude-phase controller chip, a
single pulse with the power amplitude of 31 dBm can
lead to the unrecoverable damage and phase shift func-
tion loss. Besides, the initial phase state is changed and
the insertion loss of the half phase shift state increases
sharply. We believe that these experimental results can
provide significant references for the large power signal
and the PAR researches in the future.

There are still some practical issues that need to be
discussed. First, the accuracy of power calibration for
the detector is critical for our test, so we would calibrate
the detector as accurate as possible and try different de-
tectors. Second, more chips for the same or different bat-
ches should be employed to eliminate system errors in or-
der to obtain more typical results.
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