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Digital Communications Using Self-Phased Arrays
Leo D. DiDomenico, Associate Member, IEEE,and Gabriel M. Rebeiz, Fellow, IEEE

Abstract—A new technique for full duplex digital communica-
tions using adaptive phase conjugation is presented in this paper.
The technique is based on mixing the RF signal to an IF where
it can be easily processed, and filtering the phase of the IF signal
to separate the geometry phase and message phase. The retrodi-
rective array automatically tracks communicating platforms and
transmits a directive return signal without the use of phase shifters.
A 6-GHz microstrip retrodirective antenna array was built, to-
gether with the signal IF processing needed for full duplex oper-
ation. The measuredRCSvalues of a linear six-element array are
in good agreement with theory and results in a 0- to 5–dBRCSfor
angles up to 60 . The measuredRCSvalues of a circular array
are much flatter and are 0 to 5 dB up to 80 . Two-way digital
communications at a baud rate of 78 kb/s was also demonstrated
with BER 10

6 for signal-to-noise ratios around 10 dB. The
application areas are in high-performance digital mobile telecom-
munications for commercial and military applications.

Index Terms—Adaptive beam forming, digital communications,
phase conjugation, phase filtering.

I. INTRODUCTION

I N RECENT years, many RF systems have been designed
with directed beam-forming capabilities for military and

civilian communication applications. These systems are lo-
cated on mobile platforms such as land vehicles, aircraft, and
satellites. In addition, the platforms are operating in congesting
environments that require multiple frequencies, code-division
multiple access, or directed RF transmission in order to isolate
the signals. In the case of directed transmission, phase shifters
are used in order to perform narrow beam tracking. However,
another technique exists. Developed circa 1950 [1]–[6] and
performing the essential functions necessary for a directed RF
link, it is calledphase conjugationand has been used by many
in the optics field for adaptive reconstruction of highly distorted
optical signals [7] and, more recently, for RF communications
[8], [9]. Phase conjugation at microwave and millimeter-wave
frequencies is implemented using mixers as a substitute for
materials with innate mixing properties, such as are found at
optical frequencies [10].

The self-phased array idea (phase conjugation) is based on
the arrangement shown in Fig. 1. In this figure, an unmodulated
electromagnetic wave is traveling toward an antenna array. The
distance to the th array element is and the wavelength is

. The phase at the reference plane is . It is easy
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Fig. 1. Each phase processor modifies its input RF phase such that the total
return signal will retroreflect and be sent back to its source.

to see that the round-trip phase, or return phase, is
. If we wish to have constructive interfer-

ence at the reference plane, then we may set the round-trip phase
equal to zero for each element in the array. Therefore, the phase
at the output of an array processing cell is

. Hence, conjugation of an input RF signal is the re-
quirement for constructive addition of a signal back at the ref-
erence plane. In addition, as long as this phase conjugation is
done to within thesame additive constantin phase at each of
the antenna elements, then retrodirectivity will be achieved. A
consequence that follows is that phase modulating all the array
elements at the same time by a coding angle of etc.
rad will not impact the retrodirective property of the array.

A. Requirements

The main requirements placed on the prototype system were
in functionality and versatility for experimenting purposes. In
particular, the system was designed to have the following:

• directed transmission and omnidirectional receive antenna
patterns for multiuser access;

• different frequency receiver and transmitter for higher RF
isolation;

• scalable electronics capable of handling electrically large
arrays;

• full duplex BPSK communications;
• conformal array.

The key points of the design will be given in the following
sections.

II. GENERATING A CONJUGATEDSIGNAL

Various methods for producing phase conjugation and full
duplexed communications are possible. Fig. 2 shows a simple
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Fig. 2. Example of a phase conjugation cell that transforms the input RF
energy to its phase conjugate.

phase conjugation cell [11], [12]. The cell consists of an an-
tenna for transmitting and receiving a signal, and a mixer driven
from a local oscillator (LO) at twice the RF frequency. The LO
is common to the entire array. Note that the mixer’s output fre-
quency (typically called IF) is the same as the input frequency,
and the mixer takes the difference of the phases of the RF and
LO signals resulting in phase conjugation. Therefore, using nor-
malized values of the RF and LO signals

(1)

This is expanded as a sum and difference in phase and then
bandpass filtered (BPF) around the frequencyas follows:

(2)

Notice that the resulting output RF contains the negative of
the phase of the input RF signal, thus achieving phase conju-
gation. Unfortunately, the method of using an LO at twice the
RF frequency does not easily allow for full duplex communi-
cations since it is hard to process the phase at such high IF fre-
quencies ( 1 GHz). As a result, only retransmission of the orig-
inal signal is practical, making this approach useful mostly for
simple transponders.

Fig. 3 shows a phase conjugation cell that uses a low IF. An
RF signal is received at a frequency and phase of
and down converted to an IF via the first mixer with a LO at
frequency . The phase-locked loop (PLL) regenerates the
IF signal to have a known amplitude and conjugated phase. It is
assumed that so that phase conjugation can occur.
The IF signal is upconverted to the RF using the upconversion
mixer with , and the transmitted signal may be

Fig. 3. Phase conjugation cell that uses an IF signal.

at a slightly different frequency from the input signal. The IF
frequency is given by

(3)

and the resulting IF signal is filtered and regenerated by the PLL
to give

(4)

This signal then is upconverted to the RF in mixer 2 with the
use of and thesum signalis transmitted to preserve the
conjugated phase.

Consider the receiver shown in Fig. 3. The received phase
of the signal will change as function of time due to motion of
the platforms communicating and the BPSK signaling. Hence,
the signal phase has two components: message phase and ge-
ometry phase. The message phase is associated with the digital
BPSK type signal and the geometry phase is associated with the
platform dynamics. The geometry phase has frequency compo-
nents in the range of 10–1000 Hz depending on the platform
speed. The message phase has frequency components centered
around 100 kHz or more, depending on the modulation tech-
nique. Therefore, it is possible, through data encoding, to sep-
arate the message phase and geometry phase in the frequency
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Fig. 4. Two different methods to do phase filtering. Method 2 was used in
experiments.

domain. The geometry phase can then be used to create a regen-
erated (and conjugated) IF signal. This regenerated IF signal is
then remodulated with a new message during the upconversion
process by superimposing a new message phase on. The
use of an IF frequency increases the system complexity, but al-
lows access to the phase at a frequency where processing can
easily be performed.

III. IF PROCESSINGARCHITECTURE

A. Phase Filtering Circuits

The use of an accurate IF phase filtering circuit is essential
to the operation of the IF-based phase conjugation system. The
circuit ensures that a regenerated carrier with zero phase error
is obtained at the IF, and can be implemented using a simple
squaring-type PLL. An attractive filtering method is the serial
digital phase filter (SDPF) [13]–[16]. The SDPF is a type of PLL
that does not require a voltage-controlled oscillator, and per-
forms the phase-locked function with only logical operations.
The SDPF uses no floating-point calculations, and can operate
real time on the conjugated IF signal.

The basic steps necessary for phase filtering are shown in
Fig. 4, although the actual implementation is based on digital
techniques. Two methods are shown, and method 2 was chosen
since it requires a narrow-band PLL. In both cases, a signal is
processed that contains geometry phase and message phase
and , respectively. The input message phase is then re-
placed by a new output message phase , while the ge-
ometry phase is preserved.

B. Architecture

The prototype adaptive antenna array and communication
system is based on the architecture shown in Fig. 5. This figure
is read from the left- to right-hand side. The input to the system
is an electromagnetic signal and is sampled at the receiver’s
antenna elements. After reception, low-noise amplifiers may
be used to improve the system gain and noise figure. Each
channel is downconverted using single-sideband (SSB) mixers
that are from a common LO. The LO signal received at each
mixer is matched in amplitude and phase. The IF signals
generated in each channel are phase-conjugated versions of

the input RF signals, and contains both the message phase and
geometry phase. Next, a bandpass filtering operation is used to
remove out-of-band noise, which may interfere with the SDPF
operation.

Following the BPF, threshold detection is performed. This is
essentially a one bit A-to-D conversion and the resulting signal
is in the digital domain. It has no amplitude information and only
phase information is retained. Since BPSK-type modulation is
being used, a squaring process will remove the message phase
information while preserving the geometry phase information.
The squaring process is implemented using an edge detector.
After edge detection, the signal in each channel is at twice the
frequency and the phase of the IF carrier of the signal. Since
the changes in phase at this stage are relatively slow (geometry
phase), it is possible to use a PLL to lock to this edge-detected
signal.

The outputs from all the IF PLLs are locked to the RF signal at
each of the antenna elements. Each signal is then frequency di-
vided using digital counters on the raw carrier and data recovery
block of Fig. 5. However, the squaring process will force the IF
signal at each channel to be ambiguous byrad after being fre-
quency divided. Each of the two states (zero or) will have a
probability of 1/2 of being asserted. This ambiguity is resolved
using the recovered message phase. Each channel should ideally
recover the same message phase, and if any of these recovered
message signals is not in agreement with channel 1 (the refer-
ence channel), then the phase of the offending IF carrier is in-
verted. Hence, a comparison of the outputs of all the channels
has to be undertaken, and this is done at the phase ambiguity
correction (PAC) block.

Note, in order to compare the message phase of each channel,
the IF signal must be sampled at the symbol modulation rate
(around 100 kHz). The symbol clock is derived from another
set of PLL circuits that are designed to pick out the frequency
component, which is located at twice the symbol rate (around
200 kHz). This spectral component is a result of the modulation
format of the message data. In particular, digital data from a

coder decoder (CODEC) was converted to Bi-format
and then differentially encoded so that data statistics andrad of
phase ambiguity would not impact timing recovery. More details
on the message encoding mechanism are given in [17].

After the PAC, raw-formatted differentially encoded Bi-
data is present and all the regenerated phase-conjugated IF
carriers are available. The digital signal that represents the IF
carrier is said to besynchronously ambiguous. This means that
there may be a phase error of zero orrad across the entire
array. However, all the channels have the same phase error and,
therefore, the resultant IF carrier when upconverted will have a
pattern that points back in the direction of the original source.
Recall that phase conjugation must occur to within an additive
phase constant across the array.

The message data is decoded and passed through a
CODEC for conversion to baseband data. While this is hap-
pening, a new message signal is also being passed through the
CODEC and converted to nonreturn to zero (NRZ) type data.
This data is then encoded into differential-Bi-and used to mod-
ulate the recovered IF carrier using the BPSK format. The re-
sulting signal on each channel has the same output message
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Fig. 5. Summary of the system.

information, . These signal are filtered and upconverted
to the RF frequency using the upper sideband of SSB mixers.
The mixers are also driven from a single LO source, and is dis-
tributed with equal phase and amplitude. The signal may be am-
plified at the RF if necessary. Also, the transmit antennas are lo-
cated at the same location as the receive antennas. The transmit
frequency does not need to be the same as the receive frequency
so that improved isolation may exist between the receiver and
transmitter. This allows greater transmitter powers to be used
without causing inadvertent feedback.

C. Implementation

The entire IF system shown in the dashed box of Fig. 5 has
been implemented using a FLEX series field programmable gate
array (FPGA) from Altera Corporation, Irvine, CA [17]. At the
time of this paper’s publication, it is possible to place several
hundred of the processing channels in a single FPGA-type de-
vice. This represents a significant advantage and allows the size
of the array to grow without concern over the real-estate needed
for the IF processing.

IV. M EASUREMENTS

The array measurements were made under laboratory condi-
tions for both a single RF tone and a modulated BPSK signal
of random data. The goal was to ensure that the array was ca-
pable of performing the retrodirective communications func-
tion while simultaneously separating out the geometry phase.
Hence, no effort was spent on designing a low sidelobe array. In
fact, the freedom of being able to place the individual antenna
elements in arbitrary positions made the interelement spacing
large enough to cause grating sidelobes for some of the ar-
rays. For the following experiments, a six-element microstrip
array on Duriod with a thickness of 10 mil was used.
The measured individual antennas show a10-dB bandwidth
of 50 MHz, centered at 5.9 (transmit) and 6 GHz (receive), re-
spectively.

A. Pattern Synthesis Based on IF Phase Measurements

The antenna under test is placed on a rotating platform along
with all the support electronics. Two small source antennas
were located about 1-m distant from the retrodirective array.
The source antennas were mounted on a linear track. The
1-m distance puts the transmit source in the Fresnel zone
of the retrodirective array. One of the antennas is the BPSK
modulated RF source at 5.99 GHz and the other antenna is a
narrow-band RF noise source at 5.99 GHz with a bandwidth of
about 60 MHz. The RF noise source was used for bit error rate
(BER) analysis, and will be discussed in detail in the following
section. The RF source antenna is a copolarized patch antenna
similar to the type used in the retrodirective array. Both the
source and receiver antennas had the-plane in the horizontal
plane.

In order to make the measurements at the IF stage (at 2 MHz),
the signals from each of the channels was measured with a
HP-54620A logic analyzer. The precise timing data of each IF
channel was recorded, and the relative phase of each RF signal
at each antenna element is, therefore, determined. To ensure
accurate measured timing information, the BPSK modulation
was turned off when phase measurements were made at the IF.
In addition, the array was tuned to retransmit at an offset fre-
quency of 10 MHz from the receive frequency with the use of

GHz. This is done in order to avoid coupling the
output of the transmit antenna to the receive antenna.

The resulting antenna array pattern (AP) was synthesized ac-
cording to the equation

(5)

where the relative weighting were set to one, the source
positions , orientation vector of each element, and im-
pressed phases were measured. The normalized element
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Fig. 6. Calculated linear APs based on the measured retransmitted IF phase at
each of the antenna elements.

factor for a copolarized -plane cut of a microstrip
antenna is

(6)

where , is the resonance length of the patch antenna
(typically ), is the dielectric constant, andis the angle
from the normal to patch antenna. Note, that no far-field approx-
imations were used to evaluate the sum in (5).

Fig. 6 shows the magnitude of the retransmitted power from
the retrodirective linear six-element interelement spaced
array as a function of position of the source (a small circular dot
at the top of each image). The orientation of the retrodirective
array is shown at the bottom of each image. Note how the re-
transmitted main beam is always pointing back in the direction
of the source. As expected, the grating lobes are observable at
large scanning angles and could have been suppressed with an
interelement spacing of .

Fig. 7 shows the same type of patterns for a circular arc of
radius 20 cm with interelement angular spacing of 15. Pat-
terns are shown for various angles of rotation of the retrodirec-
tive array. Again, the main beam is seen to track the source. In
this figure, there are also undesired grating lobes. The undesired
sidelobes were expected and are entirely due to the spacing of
the array elements. The last image shows a loss of signal due to
loss of phase lock when the input signal to the array had its SNR
drop below the minimum acceptable value for proper operation
of the PLL.

B. Far-Field Pattern and RCS Measurements

Far-field measurements were done in the anechoic chamber
and the bistaticRCSmeasurements were made at the RF. Ac-
tually, these measurements were very close to monostatic, but

Fig. 7. Calculated circular sector APs based on the measured retransmitted IF
phase at each of the antenna elements.

were limited from being true monostatic measurements by ex-
perimental setup. The adaptive antenna array was configured for
offset frequency operation. The center frequency of the input
signal to the adaptive array was 5.90 GHz and the retransmitted
signal from the array was at 6.00 GHz, so that an isolation fre-
quency of 100 MHz between receive and transmit was utilized.
The minimum offset frequency that would still allow proper op-
eration was 10 MHz and is due to transmitter–receiver feedback.

The source antenna gain is 28 dB with a maximum power
level of 17 dBm and the bistatic receive antenna gain is
23 dB. These antennas are co-located with 0.5-m separation.
The source signal is BPSK modulated with a 78.125-kHz
symbol rate or random data. The range from the source to the
adaptive antenna array is 15 m and the corresponding space
loss is around 72 dB. Hence, a maximum signal level of about

27 dBm is seen at the adaptive antenna array. In addition,
another 60 dB of variable attenuation is placed at the source
for minimum sensitivity measurements. The adaptive antenna
functioned well with received power levels as low as about

59-dBm per element (see Section IV-C).
1) Linear Array Measurements:Fig. 8 shows the linear

array in the anechoic chamber during testing. The array was
tested along the -plane cut with horizontal polarization. The
linear array measurements consisted of three patterns: two
bistatic measurements (with and without modulation) and one
standard antenna pattern. The standard antenna pattern was
based on a corporate feed arrangement to the array elements
using a commercial six-way divider. This measurement was
used as a reference against which to compare the bistatic
adaptive measurements. Two 50-terminated dummy antenna
elements were located at each end of the array for matching,
and to act as probes to measure the field strength of the received
and transmitted signals via a spectrum analyzer.
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Fig. 8. Configuration of the antenna array used in the linear-array response
measurements.

Fig. 9. Antenna pattern of the linear array when all the elements are coherently
combined. Theoretically expected response are also shown.

Fig. 10. NormalizedRCSof the linear array when sending and receiving a
tone, and a modulated signal. The theoretically expected response is also shown.

Fig. 9 shows the results of the standard pattern measurements.
The pattern shows the characteristic main beam of the linear
array with sidelobes at 13 dB down from the central beam. The
3-dB beam width is 8, and agrees well with calculations.

The bistatic measurements, with the active antenna used as
a phase-conjugating retrodirective array, are shown in Fig. 10,
both with and without modulation. It is seen that retrodirectivity
is evident even with a digital communications link, and that the
six-element array results in a 0–5-dBRCSfor angles up to 60 .

The RCSmeasurements are consistent with the theory of
phase conjugating devices like corner cubes [19] and are also in
good agreement with the power falloff expected from to 90).

Fig. 11. Configuration of the antenna array used the circular sector array
response measurements. The elements at the edge are used for power reference
and are not part of the active array.

Fig. 12. Antenna pattern of the circular sector array when all the elements are
coherently combined.

This is due to the element pattern and edge diffraction at the
boundary of the array. Also, the theory is based on a continuous
aperture, whereas the measurements is based on a six-element
array. TheRCSmeasurements were also done with both the
antenna and its supporting structure (Fig. 8) and these signals
can cause constructive or destructive interference.

2) Circular Array Measurement:The data was again taken
under active and passive modes for an antenna in the form of
a circular arc. Fig. 11 shows the configuration used in the ane-
choic chamber. The radius of the arc is 20 cm and the angular
separation is 15between the antenna elements. Fig. 12 shows
the results of the standard pattern measurements using a six-way
power divider with equal phase. The AP is not well defined, in
fact, it is almost a random pattern. This shows that circular ar-
rays need to be very carefully fed if used in a standard configu-
ration.

Fig. 13 shows the response of the circular retrodirective array,
and it is the same for both modulated and unmodulated signals.
The RCSresponse is flatter than for the linear array. This is
to be expected since the circular array has a greater effective
area in the direction of the bistatic RF source at large angles
of incidence. Even at 90, the array still has half of its antenna
elements visible at the RF source position. The results of the
circular array shows that retrodirective antennas can be placed
on curved communication platforms (such as antenna towers,
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Fig. 13. NormalizedRCS of the circular sector array when sending and
receiving a tone and modulated signal.

wings, or fuselage) and still maintain excellent transmit patterns
andRCS.

C. Symbol Errors

The BERs were measured by a direct comparison of the
source data to the recovered data. The error pulses were
collected using a computer-controlled universal counter that
partitioned time into 30-s measurement intervals. The inputs to
the adaptive array were a noise signal of 60-MHz span about
the signal center frequency of 5.9 GHz and the actual signal
information bearing signal. The noise power levels were flat
over the 60-MHz span and the noise power is controllable for
each BER experiment.

The peak of the power spectral density (PSD) of thedata
signalwas maintained at 99 dBm/Hz for simplicity. For each
experiment, the noise power was changed. There were a total
of 45 different 30-s error measurements using different noise
PSDs. The purpose of dividing time into 30-s subintervals for
each noise PSD is to allow observation of burst errors in the
recovered data. Burst errors are large numbers of errors grouped
in a relatively short time, and are highly correlated to each
other. Burst errors may be due to a variety of causes, including
man-made electromagnetic interference (EMI), or PLL cycle
slip, which is typical of digital communication systems.

The PSD of the signal is shown in Fig. 14. The measured
3-dB bandwidth of the IF phase signal is 410 kHz and is a

result of a 78.125-kb/s symbol rate that is encoded with a dif-
ferential Bi-phase format and upconverted without any filtering.
In addition, the noise bandwidth, as defined by the IF analog
amplifiers bandwidth, was measured to be about 50 MHz. This
is less than the bandwidth of the noise sourced from the noise
source. Therefore, all calculations were made with white-noise
PSDs, i.e., constant power level PSDs. The SNR was calculated
by

(7)

where and are the PSDs of the signal and noise, and
and are the bandwidths of the signal and noise, respec-
tively.

Based on the above discussion, the BER was measured
and plotted for 100 different experiments each at a different

Fig. 14. PSD of the IF signal measured with the noise marker function of the
HP-8592L spectrum analyzer.

Fig. 15. BER plot shows the effects of burst noise. The angle between source
and receiver was 0� and the effective distance was controlled by electronic
attenuators.

SNR. The experiments were conducted with an offset-fre-
quency phase-conjugation-based communications link in two
directions, i.e., full duplex. Each of the 100 experiments
took 22.5 min to perform with 45 subintervals at 30-s per
interval. Hence, at 78.125 kb/s, each 30-s subinterval tested
2 343 750 bits and each of the different SNR level had in excess
100 10 bits of compact disk (CD) quality random audio
data tested.

Fig. 15 shows the BER best for noisy signals. It is observed
that for dB, the BER was less than 10 for about
98% of the time. The other 2% of the time, the BER was ad-
versely affected by burst noise. This noise could have been a
result of man-made EMI, but was most likely a result of the
receiver losing lock temporarily due to cycle slips in the PLL.
Such errors could be removed by making the PLL circuits syn-
chronous instead of asynchronous, as in the electronics devel-
oped in this project. In any event, a BER of 0.0001 is equiv-
alent to 8-b errors per second at a baud rate of 78.125 kb/s,
and was more than sufficient for excellent voice quality digital
audio applications. In fact, the audio was able to be discerned
by the human sense of hearing with input noise power levels
of 120 dBm/Hz at SNRs of about 2 dB. This corresponds to
a BER of greater than 0.01 or about 800-b errors per second.
Hence, the voice audio communications were proven to be rea-
sonably robust even without any error correction coding.
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V. CONCLUSIONS

A design for a self-phased retrodirective adaptive antenna
array capable of full duplex digital communication has been
proposed and tested in this paper. Although more sophisticated
system architectures can be devised, the fundamental principle
of mixing the RF signal to an IF where it can be easily processed,
and filtering the phase of the IF signal to separate the geometry
phase and the message phase for full duplex operation, remains
unchanged. The system is limited to small frequency changes,
i.e., , due to Doppler shifts. However, for many narrow-band
applications, this is satisfactory.

The measured data show that the transmit antenna pattern
does self-phase and become retrodirective when the full duplex
communication function was being utilized. The measuredRCS
values of a linear six-element array are in good agreement with
theory and results in a 0- to5-dB RCSfor angles up to 60 .
The measuredRCSvalues of a circular array are much flatter and
are 0 to 5 dB for angles up to 80. Two-way digital commu-
nications was also demonstrated with for SNRs
around 10 dB. Further improvements should be possible with
the addition of error correction coding and a fully synchronous
design.
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