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Analysis and experimental studies
of compact polarization tracking modules
for Ku band phased array antennas

WEI SHI"?, JUN ZHOU>*, ZUPING QIAN' AND YA SHEN*

Detailed analysis of the polarization tracking modules for Ku band active phased array antennas is presented. The proposed
transmitter (14.0-14.5 GHz) and receiver (12.25-12.75 GHz) modules are based on the low temperature co-fired ceramic
(LTCC) technique, containing orthogonal dual channels with different phases controlled by phase shifters. The effect of ampli-
tude and phase inconsistency between two channels on polarization tracking performance is analyzed. The validity of the
analysis is verified by the measurements of the manufactured prototypes. The measured patterns of the active phased
array antenna are given to illustrate the effects of the modules on polarization agility, which may be used for Ku band satellite

antennas on mobile terminals.
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. INTRODUCTION

Satellite communication is widely used in military and civilian
fields. In order to increase communication capacity, Ku band
satellite communication systems usually use orthogonal linear
polarizations in the up (14.0-14.5 GHz) and down (12.25-
12.75 GHz) links for the frequency reuse. Owing to the mobility
of the antenna platforms, such as vehicles, aircrafts, and ships,
the antenna platforms will produce yaw, pitch and roll, which
will result in change of the beam pointing direction and rotation
of polarization orientation of the antenna. For establishing a
reliable satellite communication link, in addition to accurate
beam pointing of the antenna on mobile terminal, polarization
tracking is also required to avoid power loss resulting from
polarization mismatch with satellite borne antennal1, 2].
Phased array antenna may be a suitable solution for Ku
band mobile terminal because of its low profile and agile
beam. Compared with the conventional mechanically tracking
antenna, the phased array antenna steers its main beam point-
ing toward the satellite continuously by adjusting the phase
settings of the modules connected to antenna elements.
The variable linear polarization can also be achieved by
the phase settings [3]. Consequently, polarization tracking
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modules based on phase shifters are key components in Ku
band polarization tracking phased array antennas.

Nowadays, there is increasing research interest in minia-
turization of phased array antennas. Owing to its technical
maturity and high dielectric constant, low temperature
co-fired ceramic (LTCC) has been widely used to integrate
components in a single package with significant reduction of
the module volume [4]. Other authors have studied package
level integration of LTCC-based antenna for system on
package (SOP) applications [5-7]. Various 3D LTCC SOP
passive components, such as filters, directional filters, duplex-
ers, and antennas have been demonstrated with excellent per-
formance and high integration potential [8]. Still others have
studied an LTCC package fully integrated with 16 antennas
and a 60 GHz phased-array transceiver chipset [9]. A Ka
band smart antenna array has been developed to demonstrate
the interconnection, integration, and package techniques for
front end, which contains antenna array and radio frequency
(RF) subsystem [10].

This paper proposes Ku band LTCC-based polarization
tracking modules for transmitting and receiving phased
array antennas. The modules contain two channels connected
to the orthogonal feed ports of the antenna element. The
orthogonal radiated fields of the antenna elements can be
combined to the linear polarization with arbitrary orientation
via phase shifters settings. Detailed analysis of the polarization
tracking modules is seldom presented in open literatures. The
work in this paper studies the effects of the amplitude incon-
sistency introduced by orthogonal dual channels on polariz-
ation tracking accuracy. The initial phase inconsistency
introduced by components other than phase shifters in the
modules can be compensated for by the phase shifters, thus,
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the phase inconsistency does not degrade the polarization
tracking performance.

A 3D LTCC-based coplanar waveguide (CPW)-to-stripline
vertical transition building block is developed operating in
the Ku band. Based on a hybrid integrated structure using
Rogers 4350B soft substrate and hard substrate such as
LTCC, we have designed a compact transmitter module operat-
ing in the frequency range from 14.0 to 14.5 GHz and a receiver
module working in the range from 12.25 to 12.75 GHz. The
transmitter and receiver modules have sizes of 12 mm x
11 mm X 3.4 mm and 13 mm X 11 mm X 4 mm respectively.
Measured results are given in this paper to verify the correct-
ness of the theory analysis. Based on the modules, we have
developed a low profile receive and transmit phased array
with a height of 55 and 53.5 mm, respectively. The measured
polarization agile patterns are given to illustrate the usefulness
of the modules for polarization agility and beam scanning.

. ANALYSIS

The proposed Ku band transmitter and receiver modules for
polarization tracking phased array antennas are shown in
Fig. 1, where the orthogonal feed ports of the antenna
element are indicated as port H and port V. Arbitrary polar-
ized field can be decomposed into two orthogonal com-
ponents, such as horizontally and vertically polarized fields
illustrated in Fig. 2(a). The antenna element radiates or
receives horizontal polarization from port H, and radiates or
receives vertical polarization from port V, which is shown in
Fig. 2(b). The two output ports of Lange coupler shown in
Fig. 1 are connected directly to dual feed ports of the
antenna element via microwave cables or connectors. For
the receiver module shown in Fig. 1(b), low noise amplifiers
(LNAs) are inserted between the Lange coupler and the dual
feed ports of the antenna element, so as to decrease the effec-
tive noise of the receiver module.

A) Transmitter module

Consider a traveling wave incident on the input port of the
power divider. Owing to impedance mismatch and inevitable

Ant

/ Ant
H port iV port H port V port
©) @ i
Lange coupler ENAT ; EHA2
@] @ @] @
PA1 PA 2 Lange coupler
o g
L - L« \")' o @2
@\ : @, +Ap Po @, +Ap

Power divider Power combiner

'y
v

(a) (b)

Fig. 1. The schematic circuits of the Ku band polarization tracking modules.
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Fig. 2. The generation of arbitrary linear polarization.

inconsistency of the channels, signals arriving at input ports of
the Lange coupler are as follows:

Port ©: u, = — JiTafG_oAlexp(j%), (12)
Port @: u, = ——1—ay/GoA, explj(@, + A@)l.  (1b)

2L,

Here, L, and G, indicate the power loss of the transmission
and the average gain of the power amplifiers, respectively.
A, and A, describe the amplitude fluctuation, ideally A, =
A, =1. The differential phase is indicated as Ag.
Consequently, the outputs of the Lange coupler are

a .
Port @Z U = —Z\/T—L\/ GOA1A31 exp(;<po)

j .
+ T/LO—LI\/ Goal, A, expli(e, + A)],
(2a)

a )
Port @: u, = ZN/TO_LI\/GOAIA41 exp(je,)

1

_ 2\/T_L\/GOaAZA“ expli(e, + Ag)].

(2b)

Compared with the work given in [3], (2a) and (2b) give
the general expressions including inconsistency of the ampli-
tude and phase between two channels. L, indicates the power
loss of the Lange coupler, and A; is the fluctuation coefficient
of transmission from port j to port i, ideally,

A31 - A41 = A32 = A42 = 1. (3)
We assume that the characteristics of the dual channels are

consistent, that is A, = A, = 1, the dual outputs of the Lange
coupler are obtained from (2a) and (2b) as

Uy = —N%_Llﬁx/z[l ¥ sin (Ag)] expli( @, + or)],

(42)
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Table 1. Relationship between differential phase A and polarization orientation « based on the assumption of consistency of two channels.

Differential phase A [°] Output at port H

1+ sin(Ao) /1 — sin(Agp)

Output at port V

Phase difference |¢oy — ¢y| [°] Polarization orientation «[°]

o 1 1

—22.5 0.785 1.175
—4.5 0.541 1.306
—67.5 0.275 1.387
—90 o 1.414
—112.5 0.275 1.387
—135 0.541 1.306
—157.5 0.785 1.175
—180 1 1

—202.5 1.175 0.785
—225 1.306 0.541
—247.5 1.387 0.275
—270 1.414 o

—292.5 1.387 0.275
—315 1.306 0.541
—337.5 1.175 0.785

o 45
o 56.2
o] 67.5
0 78.7
o 90
180 —78.7
180 —67.5
180 —56.2
180 —45
180 —33.7
180 —22.4
o —11.3
180 o
o 11.3
o 22.4
o 33.7

u, = —ﬁwc_mu —sin(Ag)] expli(e, + @v)],

(4b)
which implies
tan = —COS(A('D) (sa)
PH = sin(Ag)
_1—sin(Ag)
tan o = cos(Ag) (sb)

In fact, tan ¢y =tan ¢z that is |¢yz — ¢yl =0, m
Equations (4a)-(5b) give two outputs of the Lange coupler
neglecting the amplitude inconsistency. It is obvious that the
outputs of the Lange coupler are in phase or have opposite
phase, in spite of the phase shifter settings. This guarantees
linear polarization when the transmitter module is used in
combination with the antenna element. It is assumed that
the horizontally and vertically polarized field patterns of
the antenna element are all isotropic. Then, the combined
radiated field of the antenna element can be obtained as

ue = ﬁﬁ expli(, + @i)1p, (62)
p= \/75 I:]:l\/l + sin(Ag) + ¥y/1 — sin(Azp)], (6b)

where p is the unit vector of variable linear polarization. It is
concluded from (6a) and (6b) that arbitrary linear polarization
can be obtained from differential phase setting A¢, which is
illustrated in Table 1. Beam steering can be obtained from
phase setting ¢, of every antenna element.

If there is amplitude inconsistency between the channels at
the input ports of the Lange coupler, neglecting the amplitude
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inconsistency of the Lange coupler, that is
A1 # A2> A31 - A41 - A32 - A42 = 1. (7)

Substitute (7) into (2a) and (2b),

a
Port (3): =———=VGoA, ®o
ort 3: uy 2L, L, exp(jp,)

X {[— 1 — A, sin(Ag)] + jA, cos(Ap)},
(8a)

a .
Port @: u, = —ﬁ_\/GOA1 exp(je,)
0 ~1

x { = A, cos(Ag) +j[1 — A, sin(Ag)]},
(8b)
where A, = A,/A,, measuring the amplitude inconsistency

between two channels. The radiated field of the antenna
element can be obtained as

U, = \/%—Ll\/ G0A1 eXP(j‘Po)

X []:l\/l + A2 + 2A, sin (Ag) exp(jey) (9)

n a\/ 1+ A% — 2A, sin (Ag) expljgy)]

Here,
tan @i = _Aqcos(g) (10a)
PH= T A, sin(Ag)’
11— Asin(Ag)
tan ¢ = A, cos(Ao) (10b)
Then, A, # 1 implies |pg— ¢yl #0 and

Consequently, the amplitude inconsistency results in the
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phase difference of two outputs between o and 7 in radian.
The ratio of output at port V to output at port H is |(1 +
A)/(1 — A,)|, with differential phase Ag of two phase shifters
set to —90°. Compared with Table 1, elliptical polarization
instead of pure vertical polarization at A¢ = —90° is achieved,
which is caused by the amplitude inconsistency of two
channels.

B) Receiver module

The receiver module has similar characteristics as transmitter
module, since they are reciprocal in theory. The effects of the
amplitude inconsistency between two channels on combined
polarization are the same as the transmitter module. Phase
inconsistency introduced by components other than phase
shifters can be compensated for by phase shifters, not affecting
the polarization tracking performance.

The transmission response and the equivalent noise are
analyzed. We assume that the incident plane wave has the fol-
lowing polarization given in Fig. 2. Referring to Fig. 1(b), the
input signals arriving at the input ports of the Lange coupler
are:

Port 3: u; = a/Gump cos a, (112)
Port @: u, = a\/Gapp sin c. (11b)

Assuming that the two channels are consistent, the signal at
the output of the receiver module can be obtained as

U = %,/Gmp exp[j(180° — a + ¢,)] -
12
a Y o
+ TE\/GMP explj(90° + ¢, + Ap + a)],

where G, is the gain of the LNA, and Ly is the average inser-
tion loss in each channel. If the phase factor in (12) satisfies
the condition as follows,

Ap = 90° — 2a, (13)
the combined signal has no polarization mismatch loss. In this
case, the maximum combined signal is given as

= G epli180 —a+ ) ()

If the input of LNA 1 is fed with the input signal and noise
and the other input of LNA 2 is terminated generating a two
port network, the noise factor of the receiver module shown in
Fig. 1(b) can be measured. An input signal a is assumed at the
input port of LNA1. Thus, the output signal u, can be deter-
mined by

ty = ——a\/Gampy/2[1 + sin(Ag)] explie, + ¢11)],
ZN/LT
(15)
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which leads to

2

S0 =~ Gapl1 + sin(Ag)].

ZLT (16)

If we neglect the LNAs, the effective noise N,4, of the
remaining passive network can be obtained using the
thermal dynamic equilibrium method,

Naga = 2(Lt — 1) T, (17)

In the measurement, the noise factor of Fig. 1(b) is

Si/Ni 2 Lr—1
- — Fopp + L1 8
So/No 1+ sin(Ag) ( mp + Gamp > (8)

meas

Here, F,,,, indicates the noise factor of the LNA. In the
measurement with the terminated input port of LNA 2, the
two-port measured noise factor varies with phase difference
A¢ between the two channels because of (16). If Ap = 0°,
considering the phase introduced by the Lange coupler, the
two channels are not in phase. Therefore, the combined
signal power is reduced by half shown in (16), and F,,.,s is
approximately twice as much as F,,,, which is verified by
the measured results shown in the following Fig. 7. If
Ag@ = —90°, the phase of the Lange coupler contributes to
the in-phase combination of the signal, therefore F,,..
approximates Fg,,.

. EXPERIMENTAL RESULTS

A) Performance of the LTCC vertical
transition

In microwave modules with LTCC techniques, microwave
vertical transmission is used widely to reduce the size of the
modules [11-13]. For better bandwidth performance, a verti-
cal transition configuration shown in Fig. 3 is introduced in
both transmitter and receiver modules [14], where the
LTCC hard substrate and Rogers RO4050B soft substrate for
motherboard are used. As shown in Fig. 3, the structure con-
tains vertical transition from CPW on top of the LTCC
module to the internal SL (strip-line), and transition from
the internal SL to the CPW on the motherboard.

From Fig. 4, it is observed that good agreement can be
obtained between the simulated and measured results from
2 to 18 GHz. The measured return loss is better than
—16 dB up to 18 GHz, and the insertion loss is less than
1.5 dB. Since the measured result contains insertion loss of
about 0.6 dB at 18 GHz introduced by the testboard, simu-
lated and measured results of the insertion loss are a little
more different.

B) Measured results of the modules

Based on the schematic circuits shown in Fig. 1 and the verti-
cal transition shown in Fig. 3, we have designed the transmit-
ter and receiver modules for Ku band polarization tracking
phased array demonstrator. The developed prototypes are dis-
played in Fig. 5, where the transmitter module has a size of
12 mm X 11 mm X3.4 mm, and the receiver has a size of
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Fig. 3. The vertical transition in the LTCC-based modules.
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13 mm X 11 mm x4 mm. Each module weights about 2.5 g.
Various monolithic microwave integrated circuit (MMICs)
and control circuits are mounted on top of the LTCC-based
modules. The wire bonding technique is used to interconnect
microwave transmission lines and MMICs. A lot of logic
control lines and power supply lines are buried in the LTCC
substrate for high density integration of the modules [15].
In the proposed modules, logic control lines and power
supply lines are low frequency circuits, which results in
similar design requirements and specifications with the ones
of printed circuit board (PCB). Thus, the locations and
paths of logic control lines and power supply lines are
designed reasonably to meet the requirements of
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Fig. 5. Photograph of the proposed modules (left: transmitter module, right:
receiver module).

electromagnetic compatibility. The RF ports using vertical
transition structure shown in Fig. 3(b) and controlling I/O
ports are laid on the bottom of the modules. Many metal
filled via holes are fabricated for grounding and electromag-
netism shielding of layers. A rectangle Kovar frame is attached
to the top of the substrate to protect the circuit. A metal cover
with 0.1 mm thickness is hermetically soldered on the frame.

When the two phase shifters are set to 0°, the measured
gain and output powers of the transmitter module are
shown in Fig. 6. The gain of both channels shown in
Fig. 1(a) is above 25 dB in the frequency range from 14.0
to14.5 GHz. The output powers of both channels exceed
22 dBm. The amplitude inconsistency of the two channels
leads to different gain and different output powers as shown
in Fig. 6. The measured gain and noise figure of the receiver
module are plotted in Fig. 7, where the receive gain of the
two channels shown in Fig. 1(b) is above 29 dB in the fre-
quency range from 12.25 to 12.75 GHz. Similar to the

& 220 E
[11]
= i)
a— ™
[::] @
o 21.5 4 ES
= c
g 21.0 3
&S (=9
£ /A s

s b - - - - = S — — — — 215
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200 . . . 205

14.000 14.125 14.250 14.375 14.500

Frequency (GHz)

Fig. 6. The measured gain and output powers of the transmitter module
(Ap=0).
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Fig. 7. The measured gain and noise figure of the receiver module (Ap = 0°).

transmitter module, the inconsistency of the two input chan-
nels results in slightly different measured gain at A = 0°. The
measured noise figure of each channel is between 5.0 and
6.0 dB. The noise figure of one channel is measured using
the noise figure analyzer, with the other channel terminated
in 50 ) load. Thus, the noise from the load increases the
measured result, which is expressed explicitly in (18). Then,
the measured noise figure of the receiver module will be
about twice as much as that of the LNA at Ap = 0°. In fact,
the noise figure of the MMIC used for the LNA is about
2.5 dB, just about one half of the measured results. Thus,
the correctness of (18) is verified.

Figures 8 and 9 give the measured gain of two channels for
transmitter and receiver module respectively. Owing to reci-
procity, it can be seen that the curve shapes of the two
figures are basically the same. The following discussion takes
the transmitter module as an example. When differential
phase Ag increases from o° to —360° with a step of
—5.625°, the measured gain of the two channels varied in
the range from about —2.5 to 26 dB with different trend,
which can be used to control linear polarization of antenna
element (Fig. 2). The measured gain of the two ports is
almost the same at Ap = 0°, which contributes to diagonally
linear polarization (o = 45°). When Ag is set as —78.75°,
the measured gain of port H and port V is about 2.2 and

30
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20
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10+

Gain (dB)

_5 *: T . T T . T ¥ T T
0 -45 -90  -135 -180 -225 -270
differentical phase (degree)

—
-315  -360

Fig. 8. The measured gain of the transmitter module with A¢ varying in the
range of 360° at 14.25 GHz.
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Fig. 9. The measured gain of the receiver module with A¢ varying in the range
of 360° at 12.5 GHz.

25.7 dB respectively, which results in approximately vertical
polarization. When A¢ is set as —281.25°, more output at
port H results in approximately horizontal polarization. The
phase-controlled variation of the gain given in Fig. 8 produces
the arbitrary linear polarization of the antenna element.
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Fig. 10. Measured polarization agile patterns of receive phased array antenna
at 12.5 GHz.
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Based on the assumption of the consistency of dual chan-
nels, the accurate vertical polarization will be obtained at
A@ = —90°, as mentioned in Table 1. However, in the exper-
iment, we have obtained maximum gain of 25.7 dB at port V,
and minimum gain of 2.2 dB at port H for Ap = —78.75°. The
deviation of Ag from —90° to —78.75° is due to the phase
inconsistency of two channels with phase shifters set to o°.
There is small output instead of o at port H, which is
caused by the amplitude inconsistency of two channels.
Thus, pure vertical polarization cannot be achieved. As men-
tioned in Table 1, horizontal polarization will be achieved with
A set to —270°, since no output exists at port V. However,
the experimental results indicate the deviation of A¢ from
—270° to —281.25° due to the phase inconsistency.
Amplitude inconsistency contributes to small output at port
V. Thus, pure horizontal polarization cannot be obtained.
The measured results have verified the correctness of the
analysis of inconsistency discussed before. As for the receiver
module, same effects of inconsistency exist.

C) Measured patterns of the phased array

Based on the LTCC modules shown in Fig. 5, we have devel-
oped two small active polarization tracking phased array

-30 <
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Fig. 11. Measured polarization agile patterns of transmit phased array
antenna at 14.25 GHz.
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demonstrators. The proposed modules result in the low
profile receive and transmit phased array antennas with a
height of 55 and 53.5 mm, respectively. Both of the phased
array demonstrators realized the linear polarization with arbi-
trary orientation. With the differential phase A¢ shown in
Fig. 1 electronically set to —90° and —270°, the phased
array demonstrators have switched the vertical polarization
to the horizontal one automatically. The polarization agile
patterns at frequencies of 12.5 and 14.25 GHz are illustrated
in Figs 10 and 11. While the beam is steered, the polarization
agility is realized simultaneously, which can be used to electro-
nically match the polarization of the phased array on mobile
terminal to that of the satellite borne antennas.

V. CONCLUSION

This paper has focused on the effects of amplitude and phase
inconsistency between two channels on the polarization con-
trolling performance. The effects of the phase inconsistency
can be compensated for with the phase shifters, not influen-
cing the accuracy of polarization controlling. However, ampli-
tude inconsistency results in amplitude errors at the outputs of
the transmitter module, which affects the polarization control-
ling accuracy. Large amplitude inconsistency may deteriorate
the polarization tracking performance. The receiver module
has the same characteristics as the transmitter module. It is
impossible to eliminate inconsistency in the orthogonal dual
channels because of intrinsic inconsistency introduced by
the MMIC components and transmission lines. Therefore, it
is crucial to decrease inconsistency in the design process as
much as possible. Maybe it is better to use variable attenuators
to compensate for amplitude inconsistency, but the complex-
ity and higher cost of the modules will be introduced.

To verify the analysis results, we have manufactured the
compact LTCC-based modules for experiment. The measured
results are given to validate the correctness of the theory
analysis. With the proposed compact modules, low profile
receive and transmit active phased arrays with polarization
agility are developed for experiment. The measured polariz-
ation agile patterns of the phased array demonstrators
agreed well, which illustrates the effects of the modules
on polarization agility, which can be used for the Ku
band phased array for mobile satellite communication.
Furthermore, the proposed modules can also be applied in
polarization reconfigurable antennas.
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