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Abstract - Pbotonic RF phase shifters with independent 
multiple outputs have been fabricated using our novel 
polymer modulator technology. These integrated planar 
devices incorporated low crosstalk optical waveguide 
crossings, which were critical to the independent operation 
of RF phase outputs. The measured RF phase shift 
characteristics at 20 GIG were approximately linear up to 
-150° with respect to DC control voltages. Also new systems, 
currently being developed, will provide more linear transfer 
function for RF phase and relatively constant amplitude with 
four outputs. Compact optically controlled antenna systems, 
based on this technology, will be presented. 

I. INTRODUCTION 

The implementation of phased array systems for 
radar and advanced space communication applications is 
hindered by the need for complex RF feed struc,tures and a 
large number of active phase-shifting elements. Photonic 
approaches for beam forming applications have been 
identified as suitable replacements because they have 
many attractive features compared with those employing 
just microwave signal-processing [ 1 J-[5]. Photonic RF 
Phase Shifters are critical elements in such systems. 

In earlier work, we successfully demonstrated a 
single element photonic RF phase shifter fabricated from 
the polymer material, CLD2/ISX (61. As an expansion of 
this idea, we now present the design, fabrication, and 
performance of multiple output photonic RF phase shifters 
in a single chip operated at 20 GHz. This multiple output 
configuration, in a planar form, was enabled by the use of 
low crosstalk S-bend optical waveguide crossings. Also, 
we dis‘cuss our new power balanced photonic RF phase 
shifters, which can substantially mitigate the RF power 
variation and provide more linear transfer function for RF 
phase. These devices have been fabricated from a new EO 
polymer material, CPWl/APC and employ our state-of- 
the-art polymer modulator technology [7]. 

II. OPERATING PRINCIPLE 

A. MuItipIe outputphotonic RFphase shifters 

Fig. 1. Device architecture for 

with two independent outputs. 

2 Optical Phase Shifter 

the pbotonic RF phase shifter 

Fig. 1 shows the device architecture for the 
photonic RF phase shifter with two independent outputs. 
It consists of a single-sideband (SSB) modulator 
embedded in one arm of a Mach-Zehnder (MZ) and two 
independently controlled optical phase shifters on the 
other arm. 

The SSB modulator is driven at a frequency m 
with RF signals having equal amplitudes, VW but 90’ out- 
of-phase and additional DC bias is applied to one arm at 
the SSB modulator for the optical phase shift, 6. The 
mixing of the each output from the SSB modulator with 
the output from the individual optical phase shifter gives 
rise to the independent RF phase output. It can be seen 
that RF phases at both output channels are controlled by 
changes in control DC biases from two optical phase 
shifters [6]. This signal distribution in a planar geometry 
is achieved through the use of low crosstalk S-bend 
waveguide crossings. 

Also only when the bias conditions described 
above for SSB modulator are fi.111~ satisfied, can the RF 
phase shifter operate properly. It can be seen that when 
6 = Itzl2, there is only one sideband at R - wRc or 

Rtw, and it guarantees proper operation of RF phase 
shifter [8]. Under any other bias conditions there are 
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Fig. 2. Device architecture for the power balanced photonic RF 
phase shifter with an additional MZ. 

Fig. 3. Calculated RF phase and power for the power 
balanced structure as a function of the control phase. 

double sidebands at both frequencies. This type of SSB 
modulators can also be used to optically distribute 
microwaves and millimeter signals while mitigating the 
deleterious effects of fiber dispersion [8,9]. 

B. Power Balanced Photonic RF Phase shifters 

From [6] for A = 2.7 the RF phase is linearly 
dependent on the control voltage; however, to achieve this 
condition requires a considerable amount of RF drive 
power. As A is reduced below 2.7, which is within the 
range of our experimental value, the linear dependence of 
the RF phase on control voltage disappears and it is 
replaced by a strong non-linear dependence. In addition, 
the generated RF power shows excessive variation of RF 
power as RF phase is tuned. These effects are inherent to 
the phase shifter architecture illustrated in Fig. 1. and arise 
from the mixing between the arms of the SSB modulator 
unit. This degrades phase shifter performance and is 
undesirable for the intended application, namely photonic 
control of phased arrays. 

In order to eliminate this problem the power 
balanced structure shown at Fig. 2. was introduced [IO]. 
It incorporates an additional MZ in which the linearizing 

4 Optical Phase Shifters 

Fig. 4. Device architecture for the l-by-4 power balanced 
photonic RF phase shifter for 4-element phased array system. 

bias, V,i,, , (or phase, r,) is chosen to minimize the impact 

of the undesirable mixing term. Under ideal operating 
conditions this new structure, as the RF phase is tuned, is 
capable of maintaining the RF power fluctuation below 4 
dB and providing much greater linearity of RF phase 
transfer function (Fig. 3.). 

The integrated module shown at Fig. 4. is 
currently being developed, which incorporates the 
advantages of our power balanced structure in conjunction 
with four independent outputs in a parallel configuration. 

III. DEVICEFABRICATION 

The devices were fabricated using our polymer 
modulator technology. A Cr/Au layer covered the Si 
wafer and acted as the ground plane for the microstrip 
lines, which drove the SSB unit. The polymer stack 
consisted of three layers: a lower cladding spun from UV- 
15, a core layer spun from our CPW l/APC material 
system, and an upper cladding spun from UFCl70. This 
core material exhibits high EO coefficient and low 
material loss at 1.3 and 1.55 pm 163. Ridged optical 
waveguides were defined via RIE etching where the ridge 
height was set to 0.4 pm with a 3.0 pm thick core. Ridge 
width for these devices was 8 pm, which ensured single 
mode operation. Raised sine S-bends were used in all the 
optical waveguide bending sections of the device Ill]. 
This allowed a dramatic reduction in device length 
compared to traditional Y-branches. In addition, the 
optical waveguide crossings exhibited crosstalk levels 
down 20 dB and an optical loss due to the crossing less 
than 1 dB. This low crosstalk level is crucial to ensure 
independent phase shifting outputs. Then, the microstrip 
lines were vertically aligned to the optical waveguides in 
the interaction regions and provided enhanced overlap 
integrals thereby reduced the required driving voltage. 
The SSB modulator with the interaction length of 1.5 cm 
exhibited a DC V, of 6.4 V. 
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Fig. 4. Optical spectrums measured at the output of the SSB 
modulators driven by a 20 GHz source. (a) and (b) Spectrum at 
a DC bias, which yields either upper or lower SSB. (c) 
Spectrum at a DC bias, which yields double side bands. 

IV. PHASE SHIFTER CHARACTERIZATION 

The individual phase shifter outputs were 
characterized using an experimental set-up similar to that 
described in [6]. However, in this case the phase shifters 
were illuminated by a 1.55 pm source and an 872OES 
analyzer was used. Port 1 of the 8720ES drove the shifters 
at 20 GHz through a balanced hybrid splitter that ensured 
quadrature components of equal amplitudes. A function 
generator was used to control the RF phase outputs and 
triggered the network analyzer in order to synchronize the 
data gathering. A 50 Hz triangular waveform acted as the 
control voltage Vocl,Z. The linear relationship between 
voltage and time for the triangular waveform allowed an 
one-to-one mapping between the measured RF phase and 
power and the applied voltage VD~~J. 

The proper operation of the SSB unit at 20 GHz 
was confirmed first with test SSB modulators fabricated 
on the same wafer. The measurement results for different 
biases are shown in Fig 4. Again, this bias condition 
corresponded to the required bias for proper operation of 
the RF phase shifter. For all other biases double sidebands 
were observed as expected. 

Fig. 5 (a) and (b) show the measured RF phases 
and relative powers for the independent phase shifter 
outputs. Fig. 5 (a) shows the measured RF phases as a 
function of control voltages. For triangular waveforms of 
6.4 V,, (-3.2 V - 3.2 V), the RF phases were observed to 
change by about 150’ at both outputs. Again, the identical 
phase shifts at both outputs were achieved through the use 
of low crosstalk S-bend waveguide crossings. Over a 
significant portion of this range the transfer characteristic 
was fairly linear. Fig. 5 (b) shows the measured RF 
relative powers. The RF power fluctuated by nearly 13 dB 
at both outputs as the RF phases were tuned. 

Fig. 5. (a) Measured RF phase for the two independent phase 
shifter outputs. (b) Measured relative RF power for tbe two 
independent outputs. The measurements were made as a function 
of control voltage. 

V. CONCLUSION 

As one of the critical components in photonic 
microwave signal-processing systems, we have 
demonstrated integrated polymer-based photonic RF 
phase shifters with two independent outputs in a single 
chip. At 20 GHz, a linear transfer function between RF 
phase and control bias has been achieved over a 150’ 
range. The characteristic RF power fluctuation was also 
observed. However, a solution to this problem has already 
been implemented as discussed. A new design with four 
independent outputs is in the process of being developed, 
in which less RF power variation is obtainable by 
minimizing the unwanted mixing terms arising in the SSB 
modulator. This improved architecture with multiple 
outputs will significantly contribute to future photonic 
phased array systems. 
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