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ABSTRACT

A method for the optical control of digital phase
shifters which significantly reduces the number of ccm-
trol lines required is described. The technique uses a

simple cost effective LED source along with a

MESFETdetector and an A/D converter to generate the
digital phase shifter command. The approach is inde-
pendent of the phase shifter operating frequency andl is
compatible with MMICtechnology and parallel optical

signal processing. Experimental results are presented
for theopticalcontrol of a6-bit digital phase shifter. ‘To

provide 360° of phase shift, 310vW of optical power

are required

INTRODUCTION

Optical signal distribution for phased array
beamforming, including the optical control of phasd
shifters, offers several significant advantages such as
reduction in size, weight, and improved protection

against EMI[l]. Most monolithic digital phase shifters

require a command in the form of an n-bit paralllel

binary word(wherenis thenumberof phase shifterbhs)

to control the phase shift [2]. This requirement man-

dates a minimum of n separate control lines for each

phase shifter. Moreover, certain types of digital phase

shifters call for complementary control lines for each
bit, thereby doubling the number of control lines re-

quired. Therefore, given that the new generation of
large phased array antenna systems will utilize a large

number (103-104) of MMICT/R modules, it is desirable

to devisemethodsfor the optical control of digital phase

shifters which can significantly reduce the number of

control lines that must be routed to each T/R module.

One method toreducethenumberof control lines
that must be sent to each T/R module simply involves
the transmission of serial phase shifter data along with

subsequent demultiplexing and serial to parallel data

conversion to provide the appropriate command to a
number of phase shifters. A hybrid GaAs optical

controller has recently been described which employs

a high speed digital fiberoptic link, a PIN photodetec-

tor, and MESFET demultiplexer that can dktribute

serial data to as many as 16 phase shifters[3]. We
~ropose a technique to feed the control information to

theT/Rmodules or subarraysvia an optical intensity on

a fiber which is compatible with optical signal process-

ing procedures. The approach, depicted in Fig. 1, util-
izes a spatial filter to generate the appropriate control

signals (optical intensities), a MESFET for the de-
modulation of the optical signal at the T/R module, and

an interface (conditioning circuit) between the detector

and the element (phase shifter, switch) being con-

trolled. This tectilque is totally compatible with stan-

dard MMIC fabrication technology, requiring no addi-

tional processing steps.

Optical control of a 6-bit X-band phase shifter
where an A/D converter is used to generate the required

parallel digital phase shifter command is demonstrated.

Only one fiber optic input for each phase shifter is re-
quired in addition to an A/D encode command. This

approach is applicable to all known digital phase

shifters, regardless of their operating frequency.

DESCRIPTION

Alldigitalphase shifters consisting of n-bits may

be optically controlled asdescribed below. An intensity
modulated LED or laser diode is coupled to an optical

fiber which illuminates the active area of a MESFET

serving as an optical detector. The intensity is varied to

produce 2“ equally spaced discrete MESFET output

voltages, which are appropriately scaled via a standard
amplifier to correspond to an A/D converter input

voltage range. The A/D converter then converts the
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voltages to an n-bit binary word which is used to

command the phase shifter to a desired phase state. In

this way, the intensity level of the incident optical input

sets the phase shifter to the desired state.
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Fig. 1. Schematic diagram of the optical control of

phased array antenna. Detail shows the optical micro-

wave interface at the MMIC T/R modules.

Additional circuitry may be required to interface

theoutputof the A/D converter to the phase shifter input
and the A/D converter also requires an encode com-
mand to instruct it to digitize and thereby change the
phase shifter state (if the optical intensity has changed).

The A/D encode command will occur each time a

change in the beam position in a phased array applica-

tion is desired. This technique is fully compatible with

available MMIC components, although MMIC A/D

converters are not fully developed. It should also be

noted that emerging parallel optical si~al processing

may be used to simultaneous] y generate the appropriate
intensity modulation for a number of phase shifters via

spatial filtering. This aspect of the approach takes on
added significance as the number of antenna elements
and beam agility increases.

EXPERIMENTAL SETUP AND RESULTS

The experimental setup is depicted schematically

in Fig. 2, The light source is a fiber coupled LED op-
erating at 830nm. The core and cladding diameters of
the multimode fibers are 100pm and 140p.m respec-
tively. ‘1’’%eMESFEThas a lmmgatelengthand 300prn

gate. It has four 75~ gate fingers and it is operated in

the common source contlgurationnearpinchoff (Vgs=-

2.4V) for optimum light responsivity. The fiber is

positioned over the active area of the FET using a

micropositioner to achieve maximum optical coupling.

An inverting operational amplifier with a gain of 40 is

used to scale the FET detector output voltage to the 10V

A/Dconverterinputrange. Thesixmostsignificantbits
of a conveniently available 12-bit parallel A/D con-
verter wereused to effectively provide a 6-bit converter

with an associated quantization level of 156mV.
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Figure 2. Experimental setup.

The digitally-controlled MMIC phase shifter used
in this experiment is a Wideband 7-11 GHz Six-Bit
Phase Shifter developed by GE under an IR&D pro-

gram in 1987. The six control bits are designed to

minimize sensitivities of the circuits to process vari-

ations while maintaining low RMS phase error over a

broad bandwidth. The schematic diagram of each bit is

shown in Fig. 3 and the photograph of the phase shifter

is shown in Fig. 4. The 5.6° bit is a simple resonated

FET where the spiral coil Q is adjusted to achieve equal
insertion loss for both states of the bit. The 11.25° and

22.5° bits use a switched filter technique, where the two

SP1 inductors and FET2form alow-pass filter in one bit
state, and the SP2inductorforms ahigh-pass filter in the

other bit state. This design technique results in low
insertion loss, broad bandwidth and excellent phse

shift. The 45°,90, and 180° phase bits use a switched

high-pass/low-pass filter technique, where the FETl -
FET2 combinations form single-pole, double-throw
(SPDT) switches at the input and output of each bit. The
SP1 inductor and MIM1 capacitors form the low-pass
filter, and the MIM2 capacitors with the SP2 inductor

form the high-pass filter. The high-pass/low-pass bit

technique is well suited for large phase shifts because

the lumped elements are easily realizedin MMICform.

The phase shifter performance across the 7-1 lGHz
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band has been measured over all possible 64 states.
Insertion loss is 9.5 k 1.5dB across all states and across

the band. The optimized RMS phase error is less th;an

2.5° and the input and output return losses are better

than llm. -
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Fig. 3 Schematic diagram of the vwious phase bits

Since the phase shifter bits require O/-6V control

voltages, level shifting circuitry is required to interface

the A/D output tothedigital phase shifter. This circuitry

consists of logic inverters to provide the complemen-
tary voltages along with inverting amplifiers to provide

the O/-6V range. The experimental results, shown in
Fig.5, display the phase shifter state as a function of the

LED bias current. The nonlinear response is due to the

LED-FET transfer function. The maximum optical
power needed to control the phase shifter through all

sixty-four states was 31OPW. The MESFET was biased

close to pinch-off in the dark state which assured both
optimum sensitivity and noise characteristics.

Phase Shitl ve.LED Current

forlhe 7-1 lGHz phase shifter.

LED CUrrmt (mA)

Figure 5. Phase shift V.S. LED bias current.

SYSTEM CONSIDERATIONS

The viability of our ttd.tique depends on the

A/D input noise level as well as the precision to which

the A/D input voltage can be optically controlled. The

A/D input noise contains contributions from the fiber

optic link consisting of the LED (or laser) and MESFET
photodetector, as well as the associated level shifting

circuitry. The A/D input voltage nettability is deter-
mined primarily by the LED and FET detector charac-

teristics. Since the performance of this technique is

determined by the ability to generate a desired A/D
output (phase shifter command) it is therefore impor-

tant to describe the AD output quantitatively in terms

of the A/D input noise and quantization level.

Fig. 4 Photograph of the phase shifter The A/D converter transfer function has a staircase
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The A/D converter transferfunction has a staircase

characteristic where the output contains an integer
number of quanta, k, and the quantizationvoltage level,

q, is determined by:

2-

where VF~ is the full scale A/D input voltage range and

n is the number of bits.

The probability that a correct phase shifter com-

mand (A/D output) is obtained is given by:

where ON is the rrns noise voltage and v’ is the input

voltage.

The above expression, derived under the assump-

tions that the input voltage v’ maybe controlled to be
within the desired quantization range ( -q/2 <v’ <q/2 for
k=O) and that the A/D input noise is Gaussian, is valid

for any A/D output since the statistics are identical for

each output level. This expression, which is symmetric
about zero volts, is plotted for input voltages ranging’

between O and .4q for different values of q/a~. This is

shown in Figure 6:

Probability of a Correct PhaseShifler Command
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Fig. 6. Probability of generating a correct command

As evident from Fig. 6, the probability of generat-

ing a correct command for a fixed v’ increases with

increasing q/aN Therefore, for a fixed noise level the

input voltage must be set to within a fixed percentage of
kq for a desired probability of obtaining a correct phase

shifter command. For example, the input voltage must
be set to within H5% (+q/4) of kq for q/o~=10 to

obtain a 99% probability of obtaining a correct com-
mand. It should be noted, however, that since the noise

will be a function of optical intensity, the noise value

used in the calculation should correspond to that which

is expected under full optical illumination. Our meas-

ured value of q/cr~=l 5 corresponds well with the ex-

perimental results.

CONCLUSION

Optical control of a six-bit X-band phase shifter
requiring 3 10j.LWof optical power for 360° operation is

~emonstrated. The approach presented, applicable to

any digital phase shifter regardless of operating fre-

quency, is compatible with MMIC technology and
parallel optical signal processing. The number of bits to

which this technique may be extended is determined by

both thenoiseof the optical link and the optical nettabil-

ity of the A/D input voltage. A quantitative expression

is given for the probability of a correct phase shifter
command under the assumption of additive Gaussian

noise at the A/D input. This expression indicates a

tradeoff between A/D quantization level, rms noise
voltage, and the probability of issuing a correct (de-

sired) digital command to the phase shifter. To increase
the method to more bits or smaller A/D input ranges, the
noise in the link must be reduced. This can be accom-
plished by replacing the LED with a high quality laser,

replacing the multimode fiber with a single mode fiber,

and improving the responsivity and linearity of the

MESFET detector.
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