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Abstract—This paper presents a theoretical analysis of the
application of the acousto-optic frequency-dependent phase
compensated (AO-FDPC) optical heterodyne technique for mi-
crowave time delay applications and phased array beamsteering.
A primary goal of the paper is to resolve open questions that
have been associated with this interesting and highly referenced
technique. The work presented here quantifies, for the first time,
the fundamental time delay performance bounds of this tech-
nique in terms of the parameters associated with the AO-FDPC
acousto-optic (AO) cell and the signal bandwidth. The theory
presented in this paper is used to interpret previously reported
experimental results that have been subject to debate. Much of the
theoretical approach is general and may, therefore, be modified
to address the design of new FDPC approaches. Finally, the
wide-band beamsteering performance that can be achieved with
this technique is quantified in terms of the AO cell parameters
and phased array specifications.

Index Terms—Optical heterodyne, phased array antennas,
true-time delay.

I. INTRODUCTION

T HERE HAS been much interest in the use of microwave
photonics for signal distribution in phased array antennas.

Applications of microwave photonics have been proposed for
various array signal-processing applications including signal
distribution, phase shifting, and time delay generation. The
utilization of photonics for time delay generation for wide-band
phased array beamsteering is particularly appealing since RF
delay lines are generally large, bulky, and heavy. An excellent
review of optically generated true time delay (TTD) techniques
is presented by Frigyes and Seeds [1]. While Frigyes and
Seeds review the acousto-optic frequency-dependent phase
compensated (AO-FDPC) time-delay technique in their work,
they also point out that “questions remain still to be answered”
regarding this technique. A primary purpose of this paper is to
resolve these open questions. Therefore, it is appropriate to start
with a brief discussion of how time delays may be generated.

Since the distance a wave travelsis equal to the product of
the velocity of propagation and the transit time, the total time
differential may be easily derived as

(1)
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This equation clearly shows that time delay may be physically
obtained in one of two primary ways. First, the distance the wave
travels may be increased fromto without changing the
velocity of propagation ( ). This approach may be used
to realize either continuous or discrete delays. Continuous time
delays have been demonstrated using fiber stretching techniques
[2] and chirped fiber gratings [3], [4]. Discrete delays may be
achieved via a switched line approach. Switched optical time-
delay lines have been proposed using various switching methods
including optical cross-bar switches [5], [6], thick retroreflec-
tive gratings [7], waveguide-coupled MSM detectors [8], de-
formable mirror devices [9], semiconductor switches [10], co-
herent optical detection [11], and acousto-optic (AO) deflection
[12]. Switched line techniques have also been implemented in
optical heterodyne systems via the use of spatial light modula-
tors (SLMs) to realize a fixed number of discrete time delays
[13], [14].

The second way to introduce a differential time delay is to
change the velocity of propagation fromto (where

is negative) while keeping the propagation distance con-
stant ( ). This approach has found application in opti-
cally controlled millimeter-wave plasma phase shifters [15] and
microwave time-delay units employing highly dispersive optical
fibers in conjunction with frequency tunable lasers [16]–[18].

Theoretically, a time delay may also be implemented via the
time shifting property of the Fourier transform whose general
form is given below:

(2)

This equation shows that a signal may be delayed by
seconds by applying a frequency-dependent phase compen-

sation (FDPC) to the frequency spectrum of
the signal. Several researchers have proposed the use of FDPC
within an optical heterodyne system to realize a continuously
variable time delay. For the purposes of this paper, this general
approach will be called the FDPC heterodyne technique. A
specific implementation of this approach that uses an AO
cell to implement FDPC in the optical domain will called
the AO-FDPC heterodyne technique. The FDPC heterodyne
techniques are particularly appealing since programmable
continuously variable time delays are possible and the paral-
lelism of optical signal processing may potentially be exploited
to simultaneously control the time delay of multiple phased
array elements. Toughlian and Zmuda utilized the AO-FDPC

0018-9480/02$17.00 © 2002 IEEE



JEMISON: ANALYSIS OF THE AO-FDPC OPTICAL HETERODYNE TECHNIQUE 1833

heterodyne technique [19]–[21] and were the first to experi-
mentally demonstrate its time-delay generation. Maaket al.
also have presented experimental time-delay results using the
AO-FDPC heterodyne technique [22]. Stillwellet al.proposed
a A0-FDPC time-delay system that used complementary dis-
criminator circuits; however, experimental time-delay results
were not presented [23], [24]. Frigyeset al. also provided
analysis and simulation of two AO-FDPC approaches [25].

While most optical heterodyne systems are well understood
[13], [14], [26]–[30], there are still open questions regarding
the fundamental origin and limitations of the time-delay mech-
anism in an AO-FDPC heterodyne system. Another question
that remains open is the issue as to whether or not the experi-
mental results obtained in an AO-FDPC heterodyne system at a
single frequency are due to a time-delay mechanism or a phase-
shifting mechanism. Since time delay and phase shift are indis-
tinguishable for a single-frequency signal, the interpretation of
a multiple phase shift as a multiple wavelength TTD [18],
[19] has added to the questions surrounding the AO-AO-FDPC
technique. Finally, the wide-band or time-delay phased array
system beamsteering (i.e., squint free) performance that can be
achieved via the application of the AO-FDPC technique has not
been addressed. Time-delay beamsteering is typically required
for phased array applications when the array is either electrically
large and is scanned to wide angles or uses a wide instantaneous
bandwidth.

In Section II, a full analysis of the AO-FDPC heterodyne
technique is presented. While the analysis can be adapted
to a general FDPC heterodyne system (which may not use
an AO cell), it specifically addresses the AO-FDPC work of
Toughlian and Zmuda [19]–[21]. It is useful to refer to their
system since it is a mature and highly referenced realization of
this time-delay technique and experimental results have been
demonstrated. Monsayet al. have also previously addressed
this work by recognizing the need to identify the cause of
small oscillations that are superimposed on the output phase
and addressing ways to increase the operating frequency [31].
The work presented in this paper fully addresses, for the first
time, the origin and associated limitations of the AO-FDPC
physical time-delay mechanism. The analysis presented specif-
ically distinguishes between time delay and phase shift for an
arbitrarily modulated signal and shows that both may result
from the AO-FDPC heterodyne process. Also in Section II, an
analysis is presented that quantifies the programmable time
delay that can be achieved using this technique based on system
hardware parameters. The pulse delay experiments reported
by Toughlian and Zmuda are in excellent agreement with this
theory, however, it is hypothesized that the multiplephase
shift obtained from their continuous wave experiments is due to
a phase shift that can be predicted from the AO-FDPC system
analysis rather than a TTD.

In Section III, the application of the AO-FDPC technique
to wide-band (i.e., time delay) phased array beamsteering is
analyzed. The results of this beamsteering analysis define the
maximum number of phased array elements that can be sup-
ported by an AO-FDPC heterodyne system subject to key optical
signal-processing component specifications and a maximum al-
lowed level of phased array beam squint.

Fig. 1. AO-FDPCoptical heterodyne system.

II. AO-FDPC HETERODYNESYSTEM ANALYSIS

In this section, the optical heterodyne system shown in Fig. 1
is theoretically analyzed. This system includes the following op-
tical signal-processing elements in the lower arm of the hetero-
dyne system.

• A single sideband (SSB) frequency modulator to intro-
duce the modulated microwave carrier signal (an AO cell
is commonly used for this purpose).

• A rotational mirror (M1) to introduce frequency depen-
dant phase compensation (for the purposes of this analysis,
the angular rotation may be assumed to be small such that
the reflected beam can be considered to be essentially par-
allel with the incident beam).

The effects of these signal-processing elements on the prop-
erties of the microwave signal recovered at the output of the op-
tical detector will be described. It should be noted that since a
primary concern of this paper is the derivation of the phase-shift
and time-delay properties of the AO-FDPC heterodyne system,
it is assumed that all optical components are lossless. Further-
more, it is also assumed that the proper bias of the heterodyne
system is maintained since the inclusion of the bias terms are
not germane to the discussion of fundamental time-delay and
phase-shifting properties and bias effects are well known [16].
The analysis proceeds using a complex wavefunction descrip-
tion (i.e., field representation) of the optical signals [32].

A. Signal Analysis of the AO-FDPC Performance

As shown in Fig. 1, the incident signal from the laser source
of intensity is separated into two beams using a beamsplitter,
BS1, resulting in the following complex optical wavefunctions,

and , at the beamsplitter output

(3a)
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Fig. 2. Detail of rotational mirror operation.

(3b)

The optical signal is then modulated by a microwave
signal that is applied to the SSB modulator. In general, this mi-
crowave signal is a microwave carrier at frequency

that is modulated by a baseband information signal

(4)

The baseband information signal may be complex as
shown below such that both amplitude modulation (AM) and
phase modulation (PM) may be considered

(5)

The baseband and microwave signals have Fourier transforms
and

(6)

(7)

The frequency shifting property of the Fourier transform al-
lows to be expressed as

(8)

Typically, an AO cell is used as the SSB. At low RF power
levels, the AO output light intensity is linearly proportional to
the RF amplitude [32]. Thus, the output of the SSB modulator
is

(9)

The AO cell will spatially separate the optical signal
into its composite frequency components, effectively per-
forming a spatial Fourier transform. The lens L1, with focal
length , is used to stop the angular spread from the AO cell
and to image the frequency components onto the mirror M1.
Therefore, it is convenient to express in the frequency

domain as . It is not necessary to explicitly include the
spatial dependence since will ultimately be focused
back down into a single optical beam by the lens L2. By ap-
plying the frequency shifting property of the Fourier transform
in conjunction with (8) and (9), may be expressed as

(10)

where is the optical carrier associated with the nominal mi-
crowave frequency .

Next, the effect of the rotational mirror, M1, must be ac-
counted for. As shown in Fig. 2, the nominal beam diffraction
angle of the first-order beam is established by the microwave
carrier frequency . It should be noted that the optical carrier at

is aligned with the mirror pivot point. Also shown in Fig. 2
is the spread of the first order diffracted beam due to frequency
deviations about . These frequency deviations are due to the
finite instantaneous bandwidth of the signal . The angle

associated with a particular instantaneous optical frequency
component is directly proportional to the frequency deviation
from and is given by [20] where is the velocity of prop-
agation in the AO cell

(11)

The sign of may be positive or negative depending on
whether a positive or negative frequency deviation from

is considered. The maximum magnitude ofis given by

(12)

The distance from the center of the beam associated with the
optical frequency is given by

(13)

where is the focal length of the lens. The maximum magni-
tude of is where is the beam diameter.
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The one-way optical path length changeassociated with the
optical frequency due to the mirror rotation is

(14)

where is the angular rotation of the mirror. This value is ref-
erenced to the mirror pivot point that is located at the center of
the mirror. The maximum magnitude of theis given by

(15)

Substituting (11) into (13), (13) into (14), and applying small
angle approximations for and , results in the following ap-
proximation for :

(16)

The round-trip (i.e., two-way) insertion phase associated with
this path length change is a function of both the mirror rotation

and the optical frequency and is computed as

(17)

where is the wavenumber of the optical carrier
( ).

It should be stressed that the insertion phase given by (17) is
on the order of that associated with several optical wavelengths
(i.e., multiple of phase shift in the optical domain). To high-
light this fact, it is convenient to define a term as

(18)

This term has units of micrometers per megahertz (m/MHz).
It is not an absolute distance, but a “slope” that describes the
change in the two-way path length introduced by the mirror ro-
tation as a function of frequency. The product of and the
angular frequency give the incremental path length introduced
by the mirror for the optical frequency componentunder con-
sideration.

In addition, it is also useful to normalize given in (15)
to the optical wavelength . This result gives the maximum
two-way path length change associated with the band-edge fre-
quency component in terms of a number of optical
wavelengths. This result is given below:

(19)

where is the signal bandwidth. A practical value
for is on the order of ten, indicating that the mirror is in-
troducing ten optical wavelengths of delay and advance (i.e., on
the order of 10 s) to the highest and lowest frequency com-
ponents in the AO cell output spectrum, respectively.

Therefore, in general, the rotational mirror M1 imposes a
phase function that, for a given mirror rotation angle

, is a linear function of the optical frequencyas shown below:

(20)

Since the phase function of (20) is dependent on the optical
frequency, it provides “frequency-dependent phase compensa-
tion.” The reference phase for any continuous wave microwave
frequency is defined to be associated with a zero degree mirror
tilt (i.e., ). It should be noted that whenis equal to
(i.e., ), the phase function of (20) is zero regardless of
the mirror tilt angle. This occurs because the optical frequency
component under consideration (i.e., ) is aligned with
the mirror pivot point. However, continuous wave frequencies
that are offset from by experience a phase shift relative
to their reference phase that changes with the mirror rotation.

The signal at the output of the rotational mirror, , may
be expressed in terms of the optical insertion phase function

(21)

Substituting (20) into (21) gives the following result:

(22)

Next, the lens L2 focuses the light back into a single optical
beam, making it more convenient to use a time-domain signal
representation. The inverse Fourier transform of may
be accomplished by letting and invoking the time
shifting property of the Fourier transform. The following time-
domain result for the optical wavefunction, is obtained:

(23)

Applying (4), (5), and (9) to (23) yields the following result
for :

(24)

As expected, is a function of the rotation of the mirror,
the microwave carrier frequency, and the AM and PM modula-
tion of the baseband signal.

Finally, the signals from each arm of the interferometer are
combined in beamsplitter BS2 to complete the heterodyne
process such that the total optical field illuminating the
optical detector is

(25)

The output photocurrent of the optical detector is pro-
portional to the magnitude squared of the total optical field [32]

(26)

Performing this calculation and retaining only the high
frequency component gives the microwave frequency photode-
tector output current

(27)

It should be noted that the AO-FDPC heterodyne process re-
sults in both a time delay and a phase shift of the complex
envelope of the microwave signal. The time delay, introduced
by the AO-FDPC heterodyne system, is given by

(28)
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and the microwave phase shiftis given by

(29)

It should be further noted that while the time delay introduced
by the mirror rotation is on the order of the period of the optical
carrier , the time delay is on the order of the period
of the microwave carrier . Moreover, the time delay is
programmable since it is a function of the rotation of the mirror
M1. The phase is both a function of the mirror rotation through
the time-delay term and the microwave carrier frequency shift

.
Taken by itself, the previous signal analysis indicates that a

large time delay on the order of the period of the microwave
frequency ( 10 s) results from the application of a small
time delay on the order of the period of the optical frequency
( 10 s). Intuitively, this cannot be the case. The following
sections discuss several practical criteria that must be consid-
ered in conjunction with the previous analysis in order to prop-
erly understand the physical origin and associated limitations of
AO-FDPC generated time delays that are larger than the optical
period.

B. Physical Delay Mechanism and Bandwidth Constraints

As pointed out by Zmuda and Toughlian [20], the time delay
associated with the AO-FDPC heterodyne system is a function
of both the rotation of the mirror M1 and the energy storage
(i.e., time delay) mechanism of the AO cell. The phase function
introduced by the rotation of the mirror M1 effectively imple-
ments the frequency-dependent phase compensation required
by the time shifting property of the Fourier Transform given
in (2). However, it must be stressed that implicit in the inte-
gral associated with (2) are two related and critical conditions.
First, all signal spectral components must be available
for the full temporal duration of the signal , including the
delay time. Second, the frequency-dependent phase compen-
sation must be applied to the full spectrum for
the entire signal duration (including the delay time). Therefore,
a real-time hardware implementation of the Fourier transform
time-delay property requires the following:

• an energy storage mechanism that can “store” the signal
for the required time-delay duration;

• a spectral processor that can compute and provide the
complete signal spectrum for the required time-delay du-
ration;

• a frequency-dependent phase compensator that can apply
the necessary frequency domain signal processing to the
complete signal spectrum for the required time-delay du-
ration.

Thus time delay does not result from frequency-dependent
phase compensation alone. The signal analysis presented in Sec-
tion II-A must be coupled with the simultaneous requirements of
energy storage, complete spectral computation, and frequency-
dependent phase compensation outlined above in order to phys-
ically realize a TTD.

When these concepts are applied to the AO-FDPC hetero-
dyne system, it is readily recognized that time delay is possible
only when the signal to be delayed is fully contained in the AO

(a)

(b)

Fig. 3. (a) Signal duration less than AO transit time. (b) Signal duration greater
than AO transit time.

cell active region . This is the only condition where the full
signal spectrum will be available at the AO cell output. Con-
versely, time delay cannot be obtained when the signal is not
fully contained in the AO cell active region. This implies the
following two cases:

Case a)
Case b) .

is the signal pulse duration and is the transit time
through the AO cell active region given by

(30)

In this equation, is the length of the active region of the
AO cell (i.e., the portion of the AO cell illuminated by the laser)
and is the velocity of propagation in the AO cell (typically
five orders of magnitude slower than the speed of light).

Case a) is illustrated in Fig. 3(a) where the pulse duration
is less than transit time through the active region of the AO cell.
In this case, the signal is fully contained in the active region of
the AO cell. Hence, the required frequency spectrum is available
at the AO cell output for frequency-dependent phase processing
by the mirror M1.

Case b) is illustrated in Fig. 3(b). Here, the pulse duration is
much longer than the transit time through the active region. At
the instant in time shown, the pulse excitation appears as a CW
signal to the AO cell and the instantaneous frequency spectrum
is, therefore, identical to that of a single-frequency waveform
(i.e., a single deflected beam), not a pulsed waveform. In this
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Fig. 4. Three regions ofAO-FDPCheterodyne system operation.

case, the conditions implicit in the Fourier time-delay theory of
(3a) are not satisfied and time delay cannot be produced.

It is most convenient to define the time-delay constraints in
terms of the signal bandwidth. Since the bandwidth of the signal

is inversely proportional to the signal pulse du-
ration , the following condition must be satisfied in order to
achieve time delay:

(31)

The first inequality defines the conditions outlined in Cases a)
and b) discussed above. The second inequality ensures that the
signal bandwidth be less than the AO cell transducer bandwidth,

; a requirement to maintain signal fidelity.

C. Programmable Time-Delay Limitations

Given that the signal bandwidth limitations have been
defined, it is now important to quantify the amount of pro-
grammable time delay that can be realized by the AO-FDPC
optical heterodyne system. First, since the AO cell is the energy
storage medium for the time delay, the maximum delay that
can be achieved will be a function of the signal transit time
through the active region of the AO cell as noted by Toughlian
and Zmuda [20]. However, it also must be recognized that if the
duration of the pulsed signal is exactly matched to the AO cell
transit time, the full frequency spectrum of the pulsed signal
is available only at a single instant in time and programmable
time delay is not possible as per the discussion in Section II-B.

Therefore, in order to achieve a programmable time delay,
the duration of the pulsed signal must be shorter than the transit
time through the AO cell. Under this condition, the spectral
components required by the AO-FDPC time-delay processor are
available for the finite amount of time necessary to implement
the time delay. Recalling that the duration of the pulse wave-
form considered is inversely proportional to the pulse waveform
bandwidth (for the pulse waveform under consideration),
the maximum amount of programmable delay that is possible,

, is, therefore, the difference between the transit time and
the duration of the pulse as shown below:

(32)

While the maximum angle of rotation of the mirror M1 will
also affect the maximum delay, it is not expected to be a lim-
iting element since fairly large rotations relative to the optical
wavelength are possible.

Equations (31) and (32) define three distinct AO-FDPC het-
erodyne system regions of operation as shown in Fig. 4. In re-
gion 1 no TTD is possible since the signal bandwidth is not high
enough support the pulse being fully contained in the AO cell ac-
tive region. In region 2, time delay is possible and the maximum
programmable time delay increases as the pulse width becomes
narrower and the required signal spectral components are avail-
able for longer a duration. In region 3 the signal bandwidth has
exceeded the transducer bandwidth of the AO cell and distor-
tion-free time delay is no longer possible. Finally, it reassuring
to note that velocity reduction experienced by the signal in the
AO cell provides the energy storage in the system, thus main-
taining consistency with the physical time-delay mechanisms
predicted by (1).

D. Interpretation of Previous Experimental Time-Delay
Results

The previous analyses are consistent with the two experi-
ments conducted by Zmuda and Toughlian [19]–[21]. In the first
experiment an impulse was used to excite an AO cell which had
a 70-MHz center frequency (), a 25-MHz bandwidth ( ), a
0.6-mm active region ( ), and an acoustic velocity of 4000
m/s ( ). The AO cell can, therefore, support a maximum
signal bandwidth of 36% ( ). Since an impulse
was used to excite the full 25-MHz bandwidth of the AO cell,
a maximum delay , of 110 ns is predicted from (31) and
(32) which compares closely with the 100-ns delay reported. It
should be noted that there are several definitions of bandwidth
[33]. A definition other than the unity time-bandwidth product
one used here would result in even closer agreement. The max-
imum programmable time delay that can be achieved using this
AO cell as given by (31) and (32) is plotted in Fig. 5 as a func-
tion of the percent bandwidth of the signal. This plot has the
three distinct regions previously mentioned.

In a second experiment, a multiple phase shift resulting
from the application of a single-frequency applied to the AO cell
was interpreted as a large time delay [19]–[21]. As previously
mentioned, time delay and phase shift are indistinguishable for
a single-frequency signal. Since the bandwidth of a single-fre-
quency tone is effectively zero, (31) is not satisfied. Therefore,
the observed phase shift must not be a result of TTD, but of a
different mechanism. The previous system analysis clearly indi-
cates that the AO-FDPC heterodyne system produces both time
delay and phase shift. Equation (27) shows that the mirror rota-
tion introduces a continuously variable phase shift through the
term [see (29)] if the microwave carrier frequency is offset



1838 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 7, JULY 2002

Fig. 5. Maximum programmable time delay as a function of percent signal
bandwidth.

from by an amount (i.e., the beam is not exactly aligned
with the mirror pivot point) Under this single-frequency condi-
tion, the system effectively operates as the well-known phase-
shifting heterodyne system [26], resulting in a phase shift of the
detected microwave carrier. Since the analysis presented here
was not available at the time the experiments were performed,
it is probable that the output beam was not exactly aligned with
the mirror pivot point. Therefore, it is hypothesized that the ob-
served single-frequency experimental result is not the result of
TTD, but rather a result of a phase shift that can be predicted
from the system analysis presented here.

Finally, it should be noted that the proposed frequency-depen-
dent phase compensated heterodyne system which uses an op-
tical grating [19] to perform the spatial Fourier transform cannot
provide time delay unless the system includes an energy storage
mechanism in a similar fashion as the AO cell. The rotation of
the mirror by itself without an energy storage mechanism cannot
produce a time delay. This restriction applies to other FDPC het-
erodyne time-delay configurations as well [23], [24]. In the next
section, the application of the AO-FDPC heterodyne system will
be analyzed with respect to phased array beamsteering.

III. A PPLICATION OF THE AO-FDPC SYSTEM TO

PHASED ARRAYS

In the previous section, an analysis was presented that quanti-
fies, via (31) and (32), the maximum programmable time delay
that can be realized by the AO-FDPC heterodyne technique in
terms of both the AO cell specifications and signal modulation
bandwidth. Since the ultimate application of this heterodyne
technique is phased array beamsteering, it is equally important
to quantify the beamsteering performance that can be supported
by this system approach. In this section, beamsteering perfor-
mance specifications will be briefly discussed followed by an
analysis that allows the AO-FDPC beamsteering performance
to be quantified based on beamsteering specifications and the
AO-FDPC hardware.

A. Wide-Band Beamsteering Performance Specifications

Practically, phased array beamsteering may be implemented
using one of the three options listed below:

1) phase shifters at each element (phase-only steering);
2) sub-arrayed elements (phase and time-delay steering);
3) true-time delay (TTD) units at each element

(time-delay-only beamsteering).
The latter two options can support wide-band beamsteering

which is distinguished from narrow-band or phase-only beam-
steering in that the antenna beam remains pointed in the same di-
rection for a specified range of microwave frequencies. In other
words, the beam does not squint with a change in frequency. Al-
ternatively, it may be said that the antenna beam does not expe-
rience spatial dispersion when transmitting or receiving signals
that have a wide instantaneous bandwidth.

It should be noted that beamsteering bandwidth may be lim-
ited by either aperture effects or feed effects as discussed by
Cheston and Frank [34]. Only the aperture effect is considered in
this analysis since it is fundamentally tied to the AO-FDPC het-
erodyne system architecture. In order to investigate the aperture
bandwidth effect of the AO-FDPC heterodyne system, a sim-
plified linear array geometry of consisting of contiguous, uni-
formly illuminated subarrays will be considered. The basic anal-
ysis technique is applicable, however, to a more complex array
geometry such as those reviewed by Agrawal and Holzman [35].

The linear array shown in Fig. 6(a) consists ofsubarrays,
each having elements spaced a distanceapart. The length
of each subarray is . Therefore, the total number of radi-
ating elements is . Phase shifters are placed behind each
element of the subarray and a TTD unit is placed behind each
subarray. Special cases of this architecture include phase-only
beamsteering in which there is only one subarray (i.e.,ele-
ments and no TTD steering) and time-delay-only beamsteering
in which there is only one element per subarray (i.e.,ele-
ments with TTD units behind each element). These special cases
are shown in Fig. 6(b) and (c), respectively.

When a wide-band signal is applied to the array the subarray
pattern will experience beam squint, resulting in an effective
loss of array gain over the signal bandwidth [34]. In addition, the
array pattern will exhibit grating lobes due to discretized phase
and time-delay progression across the array due to the subar-
rayed geometry. Both the loss in gain and grating lobe levels
are dependent on the specific beamsteering angle and both typi-
cally get worse with increasing steering angle. Therefore, beam-
steering performance may be specified by the

• maximum allowable main beam gain loss over the instan-
taneous signal bandwidth;

• maximum allowable grating lobe level;
• maximum scan angle at which either of the previous two

conditions are specified.
For this analysis, it is assumed that gain degradation is the

more critical of the first two specifications listed above. There-
fore, the beamsteering performance of the AO-FDPC hetero-
dyne system will be quantified based on the maximum allowable
main beam gain loss at a specified maximum scan angle. Specif-
ically, the following approach is used to quantify the AO-FDPC
beamsteering performance:
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(a)

(b)

(c)

Fig. 6. (a) Generalized subarrayed architecture used for analysis. (b) Special Case 1: Phase-only steering (M = 1). (c) Special Case 2: Time-delay-only steering
(N = 1).

1) specify the maximum allowable mainbeam gain loss for
a given signal bandwidth and maximum beamsteering
angle;

2) determine the subarray beamwidth and number of sub-
array elements that will support the previous gain loss
specification;

3) determine the number of subarrays (i.e., array size) that
can be used based on the maximum time delay that can
be supported by theAO-FDPChardware.

Once these steps have been completed, the array beamwidth
and grating lobe levels are easily calculated, if desired. It should
be noted that an alternate approach is to define the array size
and bandwidth specification and then to define the time delay
needed fromAO-FDPChardware. The first approach was taken
since the maximum number of array elements is a useful mea-
sure of the practicality of a particular design as will be demon-
strated in the following section.

B. Quantification of AO-FDPC Heterodyne Wide-Band
Beamsteering

The first step in quantifying the wide-band beamsteering per-
formance is to specify the maximum allowable main beam gain
loss over the instantaneous frequency band at a maximum beam-

steering angle. The loss in mainbeam gain at the edge of the in-
stantaneous frequency band is given by [34]

(dB) (33)

where is the desired beamsteering angle andis a bandwidth
factor that is the ratio of the percent bandwidth (%) to the
broadside subarray beamwidth as shown below:

(34)

The percent bandwidth (%) is given by

(35)

where and are the instantaneous bandwidth and the car-
rier frequency of the signal, respectively. Given this loss speci-
fication and the system percent bandwidth, (33) may be numer-
ically solved to determine the bandwidth factor that meets
these requirements. Next, the subarray 3-dB beamwidth (in de-
grees) may be determined from (34) for a specified percent
bandwidth. The subarray length, , may then be determined
for the uniformly illuminated subarrays considered here

(36)

where is the wavelength at the carrier frequency.
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The number of elements required in the subarray may now be
computed by dividing the length of the subarray by the interele-
ment distance

floor (37)

The operator indicates rounding down to the nearest
integer value of . At this point, it should be noted that the
maximum beamsteering angle that was specified for the array
is directly related to the maximum array fill time. The array
fill time at the maximum scan angle, therefore, determines the
maximum time delay that must be delivered by the TTD unit.
The maximum array fill time is dependent on the electrical
length of the array and may computed as

(38)

where is the speed of light, is the subarray length, and
is the specified maximum beamsteering angle. There-

fore, the number of subarrays that can be used while maintaining
the beamsteering specifications may be computed by solving
by (38) for and substituting for using (28). The result is
shown below:

(39)

The total number of array elements that can be used while
maintaining the wide-band steering specifications is, therefore,
the product of and

(40)

At this point, (32) and (36) may be substituted into (39) to
determine the maximum number of array elements as a function
of theAO-FDPCtime-delay limitations, array parameters, and
beamsteering bandwidth specification. The maximum number
of elements for the subarrayed beamsteering architecture is
given below:

for sub-arrays (41)

For the special cases of TTD-only beamsteering and
phase-only steering, the total number of array elements is
given by and , respectively. Note that these numbers will
be different from the values of and computed for the
subarrayed architecture since they correspond to fundamentally
different types of array configurations. These can be written in
terms of the same variables used above

for time-delay-only steering (42)

for phase-only steering. (43)

Fig. 7. Maximum number of array elements for Case Study 1.

It should be noted that the total number of array elements for
the subarrayed architecture is a function of both the AO cell (i.e.,
TTD unit) properties, the bandwidth parameterassociated
with the gain loss specification, as well as a number of the array
parameters (e.g., element spacing). The total number of array el-
ements for the time-delay steering only method is independent
of the bandwidth factor since this architecture does not expe-
rience gain loss due to beam squint. Likewise, the total number
of array elements associated with the phase only beamsteering
approach is independent of the AO cell parameters since it does
not employ time-delay units. If desired, the array beamwidth
and the grating lobes generated by the resulting array geometry
may now be computed by the method presented by Mailloux
[36].

Equations (41)–(43), may be plotted as a function of the per-
centage bandwidth of the transmitted (or received) signal for
given beamsteering andAO-FDPChardware specifications to
determine if the number of array elements supported by the
AO-FDPCphased array architecture is feasible and/or useful.
In the next section, two cases will be presented to explore the
utility of the AO-FDPCheterodyne method for practical arrays.

C. Case Study of Specific AO-FDPC Architectures

In the case studies, the following beamsteering specifications
were used. First, the specification for the main beam gain loss
is 0.8 dB. This value corresponds to the radar pulsewidth being
equal to the aperture fill time as discussed in [34]. Second, the
beamsteering angle at which this loss is specified, , was
chosen to be 45. While these specifications are somewhat ar-
bitrary, they are representative of specifications for practical ar-
rays.

1) Case Study Number 1:In this case, the AO cell speci-
fications given by Toughlian and Zmuda were used [19]. The
AO cell had a 70-MHz center frequency, a 25-MHz bandwidth,
a 0.6-mm active region, and an acoustic velocity of 4000 m/s.
Equations (32)–(34) are plotted in Fig. 7 to show the number of
array elements that can be supported by theAO-FDPCsystem
as a function of the percent bandwidth of the transmitted signal.
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Fig. 8. Maximum number of array elements for Case Study 2.

TABLE I
CASE STUDY SYSTEM PARAMETERS

2) Case Study Number 2:In this case, a wide-band AO cell
described by Riza was used [37]. The AO cell had a 3-GHz
center frequency, a 2-GHz bandwidth, a 0.688-mm active re-
gion, and an acoustic velocity of 3440 m/s. Equations (41)–(43)
are plotted in Fig. 8.

The system parameters associated with both case studies are
summarized in Table I.

D. Discussion of Results

Figs. 7 and 8 show several interesting results. First, in both
Figs. 7 and 8 the number of elements that can be supported
for phase-only beamsteering (i.e., thes) drops dramatically
as the percent bandwidth of the signal increases, as expected.
However, the number of elements that can be supported for
time-delay-only beamsteering (i.e., thes) is not independent of
the percent bandwidth as would typically be expected for arrays
using traditional time-delay elements such as variable-length
transmission lines. This is due to the unique time-delay prop-
erties ofAO-FDPCheterodyne system. Equations (31) and (32)
clearly indicate that there is a restriction in the amount of time

delay that can be achieved using theAO-FDPCtechnique that is
associated with the percent bandwidth of the signal and the AO
cell properties. Likewise, the time delays that may be achieved
for a subarrayed architecture are restricted.

Furthermore, as shown in Fig. 7, the maximum number of
array elements supported by the heterodyne system of case
study 1 is very small. The maximum supported time delay
of 110 ns is simply not large enough relative to the length of
the array since it can only provide a 10.5delay. (Recall, the
array operates at 70 MHz and uses half-wavelength element
spacing.) Therefore, while this system is adequate for demon-
stration purposes, it will not support practical array designs.
In case study 2, the AO cell has a 67% bandwidth and a time
bandwidth product of 600 that supports a maximum delay of
600 . Therefore, many array elements can be supported by a
AO-FDPC heterodyne system using this AO cell. It must be
stressed that the number of array elements plotted in Figs. 7 and
8 are maximum numbers based on a consideration of only of
the amount of time delay that can be achieved in theAO-FDPC
heterodyne system. Practically, a reduction in the number of
elements will occur due to spatial constraints in the heterodyne
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system imposed by the mechanical design as discussed by Riza
[37].

IV. CONCLUSIONS

This paper presents a theoretical analysis of the microwave
phase-shifting and time-delay performance of the AO-FDPC
optical heterodyne system. The paper quantifies the physical
time-delay mechanism and time-delay performance limitations
of this technique in terms of the AO cell parameters and the
signal bandwidth. Specifically, three distinct regions of opera-
tion are identified. In the first region, time delay is not possible
because the signal bandwidth is too small. In the second region,
time delay can be supported, but the amount of programmable
delay is signal bandwidth dependent. In the third region, time
delay cannot be supported because the signal bandwidth ex-
ceeds the AO cell transducer bandwidth. This unique type of
operation may be useful in other applications for the temporal
discrimination of signals based on bandwidth. It is also shown
that both time delay and phase shift may occur. The results are
used to propose an interpretation of previously reported experi-
mental results. Finally, the wide-band (i.e., squint free) phased
array system beamsteering performance that can be achieved via
the application of the AO-FDPC heterodyne technique is quan-
tified. The results of this analysis give the maximum number of
array elements that can be supported by an AO-FDPC hetero-
dyne system. This number can vary widely depending on the AO
cell specifications. This is demonstrated via the consideration
of two different case studies. In summary, this work provides
a greater understanding of both the fundamental theory of op-
eration and the application of the highly referenced AO-FDPC
heterodyne system to phased array antennas.
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