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Single-Chip Integrated Electro-Optic Polymer
Photonic RF Phase Shifter Array

Jeehoon Han, Senior Member, |EEE, Byoung-Joon Seo, SeongKu Kim, Hua Zhang, and Harold R. Fetterman

Abstract—This paper demonstrates a four-element integrated
photonic radio-frequency (RF) phase shifter array in asingle chip
with an advanced configuration. Thesedevicesareintegrated using
electrooptic polymer materials and involve several novel technolo-
gies. Measurementsof thisconfiguration showed that our four out-
putswereindependent and had highly linear RF phases over 360°
with negligible RF power fluctuation at the modulation frequency
of 20 GHz. This significant improvement is capable of removing
oneof themajor problemsin using thistype of phase shifter archi-
tecture.

Index Terms—Beam-forming systems, optical single sideband
(SSB) modulators, phased array antenna, photonic radio-fre-
quency (RF) phase shifters.

I. INTRODUCTION

HASED array antennas using photonic radio-frequency

(RF) phase shifters hold great promise for advanced
wireless communications and radar applications due to their
many advantages such as simple implementation, optical
distribution capability, low cost, light weight, and small size
[1]-{6]. They can control multiple RF phases using dc voltages
and feed the independent phase outputs into an antennaarray to
perform rapid and continuous beam-forming functions. Among
the possible phase shifter architectures, the one described
in [1] is the simplest and most flexible approach. In actual
implementation, one can integrate multiple phase shiftersin a
single chip providing multiple independent phase outputs. Such
a phase shifter array can significantly reduce the complexity
of RF distribution structures fed by a single RF and optical
source. In contrast to microwave monolithic integrated circuit
systems, the frequency bandwidth of these devicesisvery wide
and effectively covers from dc to over 50 GHz. Also, it alows
continuous beam-forming without limitation on the number of
beam angles. This design of the phase shifter, however, suffers
from alack of phase shift linearity and a substantial amount of
power variation as the phase is tuned.

Having recognized the requirements for practical usage, we
present an advanced configuration for a four-element photonic
RF phase shifter array. For these devices, our recently devel oped
polymer materials and advanced fabrication technologies en-
abled flexible design and integration aswell as broad bandwidth
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Fig. 1. Schematic diagram representing the balanced photonic RF phase
shifter with a balancing arm. « represents the optical power-splitting ratio at
the balancing arm.

operation. Also, we discuss the new generation of phase-shifter
architecture using a multimode interference (MMI) structure to
further reduce the complexity.

II. ADVANCED PHOTONIC RF PHASE-SHIFTER DESIGN

The architecture described in [1], which is analogous to the
structure shown in Fig. 1 except for the balancing arm, con-
sists of a single-sideband (SSB) modulator on one arm of a
Mach—Zehnder (MZ) and an optical phase modulator on the
other arm. The SSB modulator unit generates acarrier at {2 and
asideband at £2 +wrr. On the other arm of the MZ, the control
dc bias Voot iSapplied to the optical phase modulator to induce
aphase-shifted optical carrier at 2. Finally, the mixing of these
signals in a photodiode gives rise to the RF signal at wry with
avariable phase controlled by Veoy: -

The calculated RF phase and power characteristics are shown
in Figs. 2 and 3 as afunction of control voltage at a modulation
depth of 0.5. The phase of the RF signal can be controlled by
changes in control voltage Vo, and varies amost linearly up
to 140°. However, it starts exhibiting a lack of linearity as the
control voltage is tuned over 2V,.. A maximum RF phase devi-
ation of approximately 50° from the ideal linear characteristic
is observed. In addition, the RF power exhibits fluctuation of
approximately 15 dB as the control voltage is tuned over 2V.
For most practical applications, a wide range of linear phase
shifting is required and the RF power fluctuation is very unde-
sirable. Most of the detrimental effects are caused by the pres-
ence of the carrier signa from the SSB modulator unit [4]. This
carrier signal is added to another phase shifted carrier signal at
the same frequency ¢2 and mixed with the sideband in the pho-
todiode. The resulting RF signal reveals degradation of phase
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Fig.2. Thecalculated RF phase characteristics asafunction of control voltage
at a modulation depth of 0.5.
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Fig.3. Thecalculated RF power characteristicsasafunction of control voltage
at a modulation depth of 0.5 (normalized to each maximum power).

and power characteristics. This effect is even more pronounced
as the modulation depth is decreased. Choosing higher modula-
tion depth tends to diminish these effects. This operating con-
dition, however, isunfavorablein that it requires a considerable
amount of RF source power and also generates harmonics and
signal distortion. As aconsequence, an alternative scheme with
a reasonable modulation depth is required to extend the range
of applications for these devices.

A simple solution has been developed to solve these prob-
lems under small signal operation. If the carrier signal is fully
suppressed in the SSB modulator, these unwanted effects could
be largely eliminated. Fig. 1 represents the schematic diagram
for the balanced photonic RF phase shifter. Thisarchitecturein-
serts an additional arm in the inner MZ, which is intended to
suppress the carrier signal in the SSB modulator so as to bal-
ance the system.
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If the input optical signal with unit magnitude at a frequency
of 2is B, (t) = ¢, the output optical field and the resulting
intensity at the modulation frequency wrr can be expressed as

1 on T oins ‘ .
E(+) = it | iA sin(wrpt) A cos(wrpt)+i S
O =1a+a° g te ’
+2aei¢Ba1 + 2(1 + a)ei¢cuom] (1)
1
I (1) = mARFjl(A) cos(wrrt + YRF) ¥
where
ARy :{ [Jo(A)+2c cos ppa+2(1+a) cos d)c()m]Q
1
+ [Jo(A) +2asin ¢ +2(1+a) sin ¢>Com]2} (3a)
_1 [ Jo(A)+2asin ¢ppa1+2(14 ) sin dcont
:t( L . 3b
PRE=tall {JO(A) +2a oS Ppa1+2(14 ) €os Pcont (30)

Here V; isthe half-wave voltage, A = #Vgr/V isthe modu-
lation depth, dcont = 7 - (Veont/ Vi) isthe optical phase shift
by the control dc bias, ¢ = 7 - (Vea1/ V=) isthe optical phase
shift by the balancing dc bias, and 2 is the optical power-split-
ting ratio at the balancing arm. The desired phase and magnitude
of the optical signal in the balancing arm are established by the
proper dc bias and splitting ratio, respectively.

The calculated RF phase and power characteristics of the
balanced structure are shown in Figs. 2 and 3 in comparison
with the structure without the balancing arm. For the choice
of a = Jo(A)/vV2 with ¢, = 57/4, the undesirable terms
Jo(A) completely disappear (that is, the carrier signal is fully
suppressed in the SSB modulator) and the ideal characteristics
for the RF phase and power can be obtained such that

2sin ¢>00m
2 €08 PCont

A%{F = const., Qrp = tan * [ } = dCont-
Thisindicates that the RF power does not vary at all and the RF
phase shift ishighly linear with respect to the control dc voltage,
which makes these devices very suitablefor optically controlled
phase array antenna systems.

Assuming a simple symmetric splitting at the balancing arm,
i.e, a = 1, with ¢, = 57/4, this system shows a maximum
phase deviation of lessthan 6° while maintaining the RF power
fluctuation below 3 dB asthe control voltage istuned over 2V/,..
Inthiscase, the carrier suppression in the SSB modulator isonly
partially accomplished since the balancing power is unequal to
the carrier signal from the SSB modulator unit. Nevertheless,
this significant improvement of nearly one order of magnitude
is capable of removing one of the major problemsin using this
type of phase shifter architecture.

It is favorable to integrate multiple phase shiftersin asingle
chip. This phase shifter array significantly reduces the com-
plexity of RF feed structures and needs only a single RF and
optical source. Inapreviouswork, we have successfully demon-
strated a compact two-element photonic RF phase shifter as a
first step to development of an array of phase shifters[7]. This
basic concept now has been extended to the advanced designin
conjunction with the balanced architecture. The four-element
phase-shifter array incorporating the balanced design is shown
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Fig.4. Theschematic diagramfor thefour-element RF phase shifter array with
the balanced design.
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Fig. 5. The balanced multiple output photonic RF phase shifter fabricated in
the APC-CPW polymer material.

in Fig. 4. The modulated optical output from the balanced SSB
modulator is split into four branches and combined with the four
outputs from the optical phase shifters. This signal distribution
in aplanar chip was achieved through the use of low crosstalk
waveguide crossings and S-bend waveguide structures. The per-
formance of these devices could be severely impacted by that of
the optical waveguide crossings, and as such they were carefully
implemented.

Fig. 5 shows the phase-shifter array in a single chip fabri-
cated using recently devel oped polymer material s and advanced
polymer fabrication technologies. The device size of the phase
shifter with four outputs was 3.8 x 0.5 cm. For the simplicity of
the design, the splitting ratio of the balancing arm « was set to
be one. This guest-host system exhibits a high electrooptic coef-
ficient, low material loss at 1.55 ;:m, and wide-band frequency
response over 100 GHz [8]. The single-mode (SM) ridge optical
waveguides were fabricated using the new inverted rib struc-
tures as shown in Fig. 6. The key benefit of these inverted rib
structure is that it can eliminate damage problems of the core
layer due to the photoresist solvents and etching processes [9].
Thisultimately resulted in much simpler fabrication procedures
and lower propagation losses. Also the SM waveguide struc-
tures were designed to provide the symmetric mode shape with
arib depth of 0.8 ;xm and waveguide width of 4 ym. A large op-
tical nonlinearity in the core region was then achieved through
the electrode poling. The microstrip lines with a characteristic
impedance of 50 €2 were vertically aligned to the optical waveg-
uides in the interaction regions, giving a traveling-wave con-
figuration. For the minimum device length and insertion loss,
raised-sine S-bend waveguide structures have been used in all
the optical waveguide bending sections[10]. Thetest structures
for the S-bend and waveguide crossings were fabricated on the
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Fig. 6. Comparison of two fabrication proceduresin (a) typical rib structures
and (b) inverted rib structures.
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Fig. 7. The measured RF phase from a single outpuit.

same wafer. The measured bending losses of the S-bend struc-
tures were less than 0.2 dB. The measured excess optical 1oss
due to the crossing was less than 0.5 dB, and the optical wave-
guide crossings exhibited a crosstalk level of lessthan —28 dB.

I1l. MEASURED PHASE-SHIFTER PERFORMANCE

The measured RF phase and power of a single element are
shown in Figs. 7 and 8 at the modulation frequency of 20 GHz
and modulation depth of 0.58. The performance of our phase
shifter was measured using the experimental setup shown in
Fig. 9. Triggering the HP 8510 network analyzer with the
function generator allows the phase and power of the 20-GHz
signal to be monitored as a function of time synchronized to
the triangular control voltage. The linear relationship between
voltage and time in the control triangular waveform enabled
a one-to-one mapping between the measured RF phase (or
power) and the control dc voltages. Therefore, the control
voltage changes by 2V for aperiod of 25 ms.
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Fig. 9. The schematic diagram for the measurement setup.

For the control triangular waveforms of 2V (—12V ~
+12V), the RF phase was tuned by 360° with a high level
of linearity, and the RF power varied by less than 4 dB, as
expected from Figs. 2 and 3. Note that a single control of
360° of the RF phase shift corresponds to the half-cycle of
the voltage change in triangular waveforms in time domain
(25 ms). Accordingly, Figs. 7 and 8 represent eight times full
operation within 200 ms. This performance can be even further
improved by employing the design with the optional splitting
ratio of the balancing arm, as described before.

These RF phase shifters should contain the most important
feature that the RF phases of an array element are indepen-
dently controlled. In order to confirm this, four triangular wave-
forms of 2V, set by the equal time delays, were applied to the
four dc control arms. The measured RF phase characteristics
are shown in Fig. 10. Almost identical characteristics having
the phase shift of 360° were observed for all output ports. It
can be also seen from Fig. 10 that, at a given time frame, this
arrangement results in the same effect generated by four dif-
ferent voltages and consequently introduces the independent
phase shifts at four output ports. In addition, the independent
control of the RF phase was also demonstrated by applying the
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Fig. 10. Theindependently controlled four phase outputs introduced by equal
delays on the triangular control voltages.
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Fig. 11. The independently controlled four phase outputs introduced by the
different triangular control voltages.

triangular waveforms having different peak-to-peak voltages to
each control arm (Fig. 11).

The new generation of phase shifter is currently being de-
veloped, which can even reduce the complexity and drift from
applying additional dc biases. Instead of using normal Y -junc-
tion splitting structures, two asymmetrical 1-by-2 MMI couplers
can be used in front of the SSB modulator and the balancing
arm, asshownin Fig. 12. These couplerswill have multiple out-
puts and controllable phases depending upon their lengths and
separations. This eventually will offer the built-in biases for the
required optical phase shifts, removing the need for the quadra-
turedc biasesof V., and Vg,;. Test devices of these MMI cou-
plerswerefabricated and measured. They showed the capability
to provide the desired phases at two output ports. Therefore,
these MM I integrated photonic RF phase shifters are expected
to allow the simpler operation requiring only an RF feeding and
control dc biases.
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Fig. 12. The redlization of the new generation of phase shifter structure
incorporating MMI couplers.

IV. CONCLUSION

We have demonstrated a polymer-based four-element pho-
tonic RF phase-shifter array in a single chip. By employing a
novel design to removethe operational drawbacks of thistype of
device, four phase outputs were independently controlled with
high linearity and negligible power fluctuation. A simple ver-
tical stack of these devices can now beusedto forman N x N
photonic RF phase shifter array without increasing complexity
that will contribute to the future photonic phased array systems.
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