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Analysis of the AO-FDPC Optical Heterodyne
Technique for Microwave Time Delay and
Phased Array Beamsteering Applications
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Abstract—This paper presents a theoretical analysis of the  This equation clearly shows thattime delay may be physically
application of the acousto-optic frequency-dependent phase gbtained in one of two primary ways. First, the distance the wave
compensated (AO-FDPC) optical heterodyne technique for mi- .o\a(g may be increased frafito d+ Ad without changing the
crowave time delay applications and phased array beamsteering. . . -

A primary goal of the paper is to resolve open questions that VeIOC|ty of PrOpagat'P”‘("/ = 0)', This approach may be Usefj
have been associated with this interesting and h|gh|y referenced to I’eallze e|ther continuous or dISCI‘ete delays. Continuous time
technique. The work presented here quantifies, for the first time, delays have been demonstrated using fiber stretching techniques
the fundamental time delay performance bounds of this tech- [2] and chirped fiber gratings [3], [4]. Discrete delays may be
nique in terms of the parameters associated with the AO-FDPC 4 chieved via a switched line approach. Switched optical time-

acousto-optic (AO) cell and the signal bandwidth. The theory . . - o
presented in this paper is used to interpret previously reported delay lines have been proposed using various switching methods

experimental results that have been subject to debate. Much of the including optical cross-bar switches [5], [6], thick retroreflec-
theoretical approach is general and may, therefore, be modified tive gratings [7], waveguide-coupled MSM detectors [8], de-

to address the design of new FDPC approaches. Finally, the formable mirror devices [9], semiconductor switches [10], co-
wide-band beamsteering performance that can be achieved with parent optical detection [11], and acousto-optic (AO) deflection
this technique is quantllflledlln terms of the AO cell parameters [12]. Switched line techniques have also been implemented in
and phased array specifications. I aq - ) p
] optical heterodyne systems via the use of spatial light modula-
Index Terms—Optical heterodyne, phased array antennas, iorg (SLMs) to realize a fixed number of discrete time delays
true-time delay. [13], [14]
The second way to introduce a differential time delay is to
I. INTRODUCTION change the velocity of propagation fromto v + Av (where

T HERE HAS been much interest in the use of microwav@” is negative) while keeping the propagation distance con-

photonics for signal distribution in phased array antennagant @d = 0). T_hi_s approach has found applicgtion in opti-
§IIy controlled millimeter-wave plasma phase shifters [15] and

Applications of microwave photonics have been proposed sl ime-del ) lovina highly di ; ical
various array signal-processing applications including sig |crov_vavet|_me- elay gnlts employing highly dispersive optica
ibers in conjunction with frequency tunable lasers [16]-[18].

distribution, phase shifting, and time delay generation. T h icall ime del 56 be imol d via th
utilization of photonics for time delay generation for wide-band eo_re_tlca y, & ime delay may aiso be Imp emented via the
e shifting property of the Fourier transform whose general

phased array beamsteering is particularly appealing since o

delay lines are generally large, bulky, and heavy. An excellef™ IS given below:

review of optically generated true time delay (TTD) techniques

is presented by Frigyes and Seeds [1]. While Frigyes and z(t—t,) ge—jwtoX(jw)_ 2)

Seeds review the acousto-optic frequency-dependent phase

Compensated (AO'FDPC) time'delay teChnique in their WOI’k, This equation shows that a S|gnmt) may be de'ayed by

they also point out that “questions remain still to be answereg” seconds by applying a frequency-dependent phase compen-

regarding this technique. A primary purpose of this paper is &tion (FDPC)e 7% to the frequency spectrunX (jw) of

resolve these open questions. Therefore, itis appropriate to s{ét signal. Several researchers have proposed the use of FDPC

with a brief discussion of how time delays may be generatedyithin an optical heterodyne system to realize a continuously
Since the distance a wave travels equal to the product of yariable time delay. For the purposes of this paper, this general

the velocity of propagation and the transit time, the total time  approach will be called the FDPC heterodyne technique. A

differential may be easily derived as specific implementation of this approach that uses an AO
1 J cell to implement FDPC in the optical domain will called

At(d,v) = ~Ad — - Av. (1) the AO-FDPC heterodyne technique. The FDPC heterodyne

v v techniques are particularly appealing since programmable

continuously variable time delays are possible and the paral-
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heterodyne technique [19]-[21] and were the first to experi- DET
mentally demonstrate its time-delay generation. Maalal. BSL Uror

also have presented experimental time-delay results using tt i o
AO-FDPC heterodyne technique [22]. Stillwell al. proposed [Loser = 4 BS2
a AO-FDPC time-delay system that used complementary dis U, Ue
criminator circuits; however, experimental time-delay results L2 <>

were not presented [23], [24]. Frigyed al. also provided

analysis and simulation of two AO-FDPC approaches [25].
While most optical heterodyne systems are well understooi

[13], [14], [26]-[30], there are still open questions regarding

the fundamental origin and limitations of the time-delay mech- LI U 9

anism in an AO-FDPC heterodyne system. Another questiol

that remains open is the issue as to whether or not the expel

mental results obtained in an AO-FDPC heterodyne system at

single frequency are due to a time-delay mechanism or a phas

shifting mechanism. Since time delay and phase shift are indis me)

tinguishable for a single-frequency signal, the interpretation o

a multiple27 phase shift as a multiple wavelength TTD [18],

[19] has added to the questions surrounding the AO-AO-FDP(

technique. Finally, the wide-band or time-delay phased array

system beamsteering (i.e., squint free) performance that can-Re;  ao-rppcoptical heterodyne system.

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 !l AO-FDPC HETERODYNE SYSTEM ANALYSIS

large and is scanned to wide angles or uses a wide instantaneoys this section, the optical heterodyne system shown in Fig. 1
bandwidth. is theoretically analyzed. This system includes the following op-

In Section I, a full analysis of the AO-FDPC heterodyngica signal-processing elements in the lower arm of the hetero-
technique is presented. While the analysis can be adapigghe system.

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 is commonly used for this purpose).

system since it is a mature and highly referenced realization of _ A rotational mirror (M1) to introduce frequency depen-
this time-delay technique and experimenta_l results have been dant phase compensation (for the purposes of this analysis,
dgmonstrated. Mons_agt al. have also p.reV|o.ust addressed the angular rotation may be assumed to be small such that
this work.by.recognlzmg the ne_ed to identify the cause of the reflected beam can be considered to be essentially par-
small oscillations that are superimposed on the output phase allel with the incident beam).

and addressing ways to increase the operating frequency [31], he eff fh ianal . | h
The work presented in this paper fully addresses, for the first . e effects of these signal-processing elements on the prop-
time, the origin and associated limitations of the AO-FDPért'eS of the microwave signal recovered at the output of the op-

physical time-delay mechanism. The analysis presented speEff:"I detector will be Qescribeq. It shou]d t.)e noted that since.a
ically distinguishes between time delay and phase shift for Rfjmary concern of thls_paper Is the derivation of the phase-shift
arbitrarily modulated signal and shows that both may resff\f‘d time-delay propertle§ of the AO-FDPC heterodyne system,
from the AO-FDPC heterodyne process. Also in Section |l, dh's as_sqmed that all optical components are lossless. Further-
analysis is presented that quantifies the programmable tifhQre, 1tis alsp as_su(rjne_d thaththr-_z p:op_er b'?ShOf t;].e heterodyne
delay that can be achieved using this technique based on sysfé(ﬁ{em IS mamta;]ned.smce .t N n;cf us(ljon oft (Ia . 1as ée:ms arg
hardware parameters. The pulse delay experiments repoﬂgj germane to the discussion of fundamental time-delay an

¢ A single sideband (SSB) frequency modulator to intro-
duce the modulated microwave carrier signal (an AO cell

by Toughlian and Zmuda are in excellent agreement with tH: ase-shift!ng properties qnd bias effects are well Ifnown [161'
theory, however, it is hypothesized that the multipie phase T N gnaly'5|s proceeds using a comple?< wa\{efunctlon descrip-
shift obtained from their continuous wave experiments is duel§n (i.e., field representation) of the optical signals [32].
a phase shift that can be predicted from the AO-FDPC system )
analysis rather than a TTD. A. Signal Analysis of the AO-FDPC Performance

In Section llI, the application of the AO-FDPC technique As shown in Fig. 1, the incident signal from the laser source
to wide-band (i.e., time delay) phased array beamsteeringotdntensityl/, is separated into two beams using a beamsplitter,
analyzed. The results of this beamsteering analysis define 8®1, resulting in the following complex optical wavefunctions,
maximum number of phased array elements that can be s@p{t) andU,(t), at the beamsplitter output
ported by an AO-FDPC heterodyne system subject to key optical
signal-processing component specifications and a maximum al- U, ..
lowed level of phased array beam squint. Ualt) =~ Chtl (3a)
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Fig. 2. Detail of rotational mirror operation.

Uy(t) = Yo ot (3b) domain adU.(jw). It is not necessary to explicitly include the

2 spatial dependence sinéé.(jw) will ultimately be focused
The optical signal/ () is then modulated by a microwavePack down into a single optical beam by the lens L2. By ap-
signal that is applied to the SSB modulator. In general, this nilying the frequency shifting property of the Fourier transform
crowave signak(t) is a microwave carrier at frequenay, + N conjunction with (8) and (9)/.(jw) may be expressed as
éw,, that is modulated by a baseband information signé) ‘ U, ‘
. i Ue(jw) = ) M(j(w — woe — bwp)) (10)
s(t) = m(t)e? @ntownt, (4)
wherew,. is the optical carrier associated with the nominal mi-
The baseband information signai() may be complex as crowave frequency,.
shown below such that both amplltude modulation (AM) and Next, the effect of the rotational mirror, M1, must be ac-

phase modulation (PM) may be considered counted for. As shown in Fig. 2, the nominal beam diffraction
B 0 (1) 5 angle/ of the first-order beam is established by the microwave
m(t) = [m(t)]e ’ ®) carrier frequency,,. It should be noted that the optical carrier at

The baseband and microwave signals have Fouriertransfor‘.ﬁ‘iéh'S aligned with the mirror pivot point. Also shown in Fig. 2

Miw) andS(i is the spread of the first order diffracted beam due to frequency
() () deviations about,.. These frequency deviations are due to the
ET . inite i i i .
m(t) B M(jw) ) finite instantaneous band_W|dﬂs1u_; of the signals(?) The angle
o « associated with a particular instantaneous optical frequency
s(t) = S(jw). (7)  component is directly proportional to the frequency deviation

. _ fromw,. and is given by [20] where, ¢ is the velocity of prop-
The frequency shifting property of the Fourier transform aE‘\gation in the AO cell

lows S(jw) to be expressed as
= 2 ) an
S(jw) = M(G(w = (wu + wp)))- ®) O Dmpao T e

Typically, an AO cell is used as the SSB. At low RF power The sign ofa may be positive or negative depending on
levels, the AO output light intensity is linearly proportional tovhether a positive or negative frequency deviatbon, from
the RF amplitude [32]. Thus, the output of the SSB modulater... is considered. The maximum magnituderois given by

IS
Ao Aw
l]o Gwot Gmax = 5 <T> . (12)
U.(t) = s(t) 5 el 9) TVAO

. . . . The distance from the center of the beam associated with the
The AO cell will spatially separate the optical sigrid!(¢) optical frequencyw is given by

into its composite frequency components, effectively per-

forming a spatial Fourier transform. The lens L1, with focal h = Ftan(a) (13)
length I, is used to stop the angular spread from the AO cell

and to image the frequency components onto the mirror MdthereF' is the focal length of the lens. The maximum magni-
Therefore, it is convenient to expre&s(t) in the frequency tude ofh is D/2 whereD is the beam diameter.
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The one-way optical path length charigessociated with the  Since the phase function of (20) is dependent on the optical

optical frequency due to the mirror rotation is frequency, it provides “frequency-dependent phase compensa-
tion.” The reference phase for any continuous wave microwave
I = htan(y) (14) frequency is defined to be associated with a zero degree mirror

] ] ) ] . tilt (i.e., v = 0). It should be noted that whenis equal tow,.
where-y is the angular rotation of the mirror. This value is ref;j o Sw, = 0), the phase function of (20) is zero regardless of

the mirror. The maximum magnitude of thés given by component under consideration (i©.= w,.) is aligned with
D the mirror pivot point. However, continuous wave frequencies
lax = 5 tan(7y). (15) thatare offset fronw,,. by éw,, experience a phase shift relative

to their reference phase that changes with the mirror rotation.
Substituting (11) into (13), (13) into (14), and applying small The signal at the output of the rotational mirr&(jw), may
angle approximations fax and-y, results in the following ap- be expressed in terms of the optical insertion phase function
proximation for!: Do (7, w)

F,y
27”/AO

[ = Ug(jw) = Ua(jw)e 7 Pore () (21)

W — Woe)- (16)
Substituting (20) into (21) gives the following result:
The round-trip (i.e., two-way) insertion phase associated with . i (wmine)
this path length change is a function of both the mirror rotation Ua(jw) = Ue(jw)e™ """ - (22)

v and the optical frequenay and is computed as Next, the lens L2 focuses the light back into a single optical

FAoy beam, making it more convenient to use a time-domain signal
Popt (7, w) = 2/focm W — Woc) 17 representation. The inverse Fourier transforni/gf;jw) may
be accomplished by letting = k,.62’ and invoking the time
where k,. is the wavenumber of the optical carriefrshifting property of the Fourier transform. The following time-

(koe = 27/ Aoe)- domain result for the optical wavefunctioli,(t) is obtained:
It should be stressed that the insertion phase given by (17) is o
on the order of that associated with several optical wavelengths Ua(t) = Ue(t — m)e?7. (23)

(i.e., multipler of phase shift in the optical domain). To high-

light this fact, it is convenient to define a teifa’ as Applying (4), (5), and (9) to (23) yields the following resilt

for Uy(t):
FAoy U,
= o Jwot jw.t t—7) ,jéw, (t—7
6 = 18) vy = Slm(t = )|t et T BT (24)
This term has units of micrometers per megaherta/(MHz). As expectedl/,(t) is a function of the rotation of the mirror,

It is not an absolute distance, but a “slope” that describes ttiee microwave carrier frequency, and the AM and PM modula-
change in the two-way path length introduced by the mirror réion of the baseband signal.

tation as a function of frequency. The productéef and the Finally, the signals from each arm of the interferometer are
angular frequency give the incremental path length introducedmbined in beamsplitter BS2 to complete the heterodyne
by the mirror for the optical frequency componentinder con- process such that the total optical field- illuminating the

sideration. optical detector is
In addition, it is also useful to normaliZg,,» given in (15)
to the optical wavelength,,. This result gives the maximum Ur(t) = Ua(t) + Ua(?). (29)

two-way path length change associated with the band-edge frep,o output photocurrent of the optical detecl¢t) is pro-

quency component-A f/2 in terms of a number of optical 4 tional to the magnitude squared of the total optical field [32]
wavelengths. This resuit,, is given below:
I(t Ur(HUZ(P). 26
_ AFAf (t) o Ur(t)Uz (1) (26)

Mo =

20 (19) Performing this calculation and retaining only the high

_ ) _ ) frequency component gives the microwave frequency photode-
whereA f = Aw/2r is the signal bandwidth. A practical value;gcior output current

for n, is on the order of ten, indicating that the mirror is in-

troducing ten optical wavelengths of delay and advance (i.e., Oﬁ(t) U? m(t— )] cos((wyu+8w, )+ (t—7)— ). (27)

the order of 1013 s) to the highest and lowest frequency com- % Ty MO T O m\b =TI T8

ponents in the AO cell output spectrum, respectively. It should be noted that the AO-FDPC heterodyne process re-
Therefore, in general, the rotational mirror M1 imposes &ylts in both a time delay and a phase shift of the complex

phase functio®,,. (v, w) that, for a given mirror rotation angle envelope of the microwave signal. The time detajntroduced

7, is alinear function of the optical frequeneyas shown below: py the AO-FDPC heterodyne system, is given by

Dot (7, w) = koeb2' {w — (wo + wu)}. (20) T = koeb? (28)



1836 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 7, JULY 2002

and the microwave phase shiftis given by

@ = bw,T. (29) Olggﬁtal
It should be further noted that while the time delay introduced a
by the mirror rotation is on the order of the period of the optical N\
carrier 27 /w,, the time delayr is on the order of the period
of the microwave carriegrn/w,,. Moreover, the time delay is
programmable since it is a function of the rotation of the mirror
ML1. The phase is both a function of the mirror rotation through
the time-delay termr and the microwave carrier frequency shift Microwave
&UH. Input
Taken by itself, the previous signal analysis indicates that a (@)
large time delay on the order of the period of the microwave
frequency 1079 s) results from the application of a small
time delay on the order of the period of the optical frequency Optical

" Optical
— 14 e H . Input Output
(~10~*% s). Intuitively, this cannot be the case. The following
ds
|

/

sections discuss several practical criteria that must be consid-
ered in conjunction with the previous analysis in order to prop-

dao

/

erly understand the physical origin and associated limitations of JL
AO-FDPC generated time delays that are larger than the optical

period.

B. Physical Delay Mechanism and Bandwidth Constraints Microwave

As pointed out by Zmuda and Toughlian [20], the time delay Inpm(b)
associated with the AO-FDPC heterodyne system is a function
of both the rotation of the mirror M1 and the energy stora ﬁgS (a) Sign:_j\l duration less than AO transit time. (b) Signal duration greater
. . . ~than AO transit time.
(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 requigtactive regioniso. This is the only condition where the full
by the time shifting property of the Fourier Transform givesignal spectrum will be available at the AO cell output. Con-
in (2). However, it must be stressed that implicit in the intesersely, time delay cannot be obtained when the signal is not
gral associated with (2) are two related and critical conditionfsilly contained in the AO cell active region. This implies the
First, all signal spectral componentsjw) must be available following two cases:
for the full temporal duration of the signalt), including the  Casea)T’ < ta0
delay time. Second, the frequency-dependent phase comperGaseb)T > 0.
satione’** must be applied to the full spectrui(jw) for 7T s the signal pulse duration and is the transit time
the entire signal duration (including the delay time). Thereforghrough the AO cell active region given by
a real-time hardware implementation of the Fourier transform
time-delay property requires the following:

e an energy storage mechanism that can “store” the signal
for the required time-delay duration;
 a spectral processor that can compute and provide thdn this equationd o is the length of the active region of the
complete signal spectrum for the required time-delay d&O cell (i.e., the portion of the AO cell illuminated by the laser)
ration; andr o is the velocity of propagation in the AO cell (typically
« a frequency-dependent phase compensator that can agply orders of magnitude slower than the speed of light).
the necessary frequency domain signal processing to theCase a) is illustrated in Fig. 3(a) where the pulse dur&tion
complete signal spectrum for the required time-delay dis less than transit time through the active region of the AO cell.
ration. In this case, the signal is fully contained in the active region of
Thus time delay does not result from frequency-dependeahe AO cell. Hence, the required frequency spectrum is available
phase compensation alone. The signal analysis presented in @éettie AO cell output for frequency-dependent phase processing
tion lI-A must be coupled with the simultaneous requirements bf the mirror M1.
energy storage, complete spectral computation, and frequencycase b) is illustrated in Fig. 3(b). Here, the pulse duration is
dependent phase compensation outlined above in order to physich longer than the transit time through the active region. At
ically realize a TTD. the instant in time shown, the pulse excitation appears as a CW
When these concepts are applied to the AO-FDPC hetesignal to the AO cell and the instantaneous frequency spectrum
dyne system, it is readily recognized that time delay is possihitg therefore, identical to that of a single-frequency waveform
only when the signal to be delayed is fully contained in the AQ.e., a single deflected beam), not a pulsed waveform. In this

tao = dao (30)
VAO
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Region 1 Region 2 Region 3
o Time delay not ¢ Time delay o Time delay not
possible possible possible
»  Signal bandwidth s Programmable e Signal bandwidth
too low delay increases exceeds AO cell
with incr easing transducer
signal bandwidth bandwidth

Fig. 4. Three regions oAO-FDPCheterodyne system operation.

case, the conditions implicit in the Fourier time-delay theory of Equations (31) and (32) define three distinct AO-FDPC het-
(3a) are not satisfied and time delay cannot be produced. erodyne system regions of operation as shown in Fig. 4. In re-
It is most convenient to define the time-delay constraints gion 1 no TTD is possible since the signal bandwidth is not high
terms of the signal bandwidth. Since the bandwidth of the sigretiough support the pulse being fully contained in the AO cell ac-
Af = Aw/2r is inversely proportional to the signal pulse dutive region. In region 2, time delay is possible and the maximum
ration7’, the following condition must be satisfied in order tqgorogrammable time delay increases as the pulse width becomes

achieve time delay: narrower and the required signal spectral components are avail-
VAo able for longer a duration. In region 3 the signal bandwidth has

T <Af < BWyo. (31) exceeded the transducer bandwidth of the AO cell and distor-
AO tion-free time delay is no longer possible. Finally, it reassuring

The firstinequality defines the conditions outlined in Cases tg note that velocity reduction experienced by the signal in the
and b) discussed above. The second inequality ensures that¥fkcell provides the energy storage in the system, thus main-
signal bandwidth be less than the AO cell transducer bandwidtaining consistency with the physical time-delay mechanisms

BW o a requirement to maintain signal fidelity. predicted by (1).
C. Programmable Time-Delay Limitations D. Interpretation of Previous Experimental Time-Delay
Results

Given that the signal bandwidth limitations have been
defined, it is now important to quantify the amount of pro- The previous analyses are consistent with the two experi-
grammable time delay that can be realized by the AO-FDPEENtS conducted by Zmuda and Toughlian [19]-[21]. In the first
optical heterodyne system. First, since the AO cell is the ener@§Periment an impulse was used to excite an AO cell which had
storage medium for the time delay, the maximum delay th@t/0-MHz center frequency), a 25-MHz bandwidth4 /), a
can be achieved will be a function of the signal transit tim@-6-mm active regiondo), and an acoustic velocity of 4000
through the active region of the AO cell as noted by ToughlidR/S ¢“20)- The AQ cell can, therefore, support a maximum
and Zmuda [20]. However, it also must be recognized that if ti§égnal bandwidth of 36%4/fo x 100). Since an impulse
duration of the pulsed signal is exactly matched to the AO cdf2s used to excite the full 25-MHz bandwidth of the AO cell,
transit time, the full frequency spectrum of the pulsed sign@lMmaximum delay.x, of 110 ns is predicted from (31) and
is available only at a single instant in time and programmabf@2) which compares closely with the 100-ns delay reported. It
time delay is not possible as per the discussion in Section [I-Bhould be noted that there are several definitions of bandwidth

Therefore, in order to achieve a programmable time dela{§,3]- A definition other than _the unity time-bandwidth product
the duration of the pulsed signal must be shorter than the trar¥€ used here would result in even closer agreement. The max-
time through the AO cell. Under this condition, the spectrlUm programmable time delay that can be achieved using this
components required by the AO-FDPC time-delay processor & cell as given by (31) and (32) is plotted in Fig. 5 as a func-
available for the finite amount of time necessary to implemeHen Of the percent bandwidth of the signal. This plot has the
the time delay. Recalling that the duration of the pulse wavBlree distinct regions previously mentioned. _
form considered is inversely proportional to the pulse waveform N @ second experiment, a multipler phase shift resulting
bandwidthA f (for the pulse waveform under consideration)f,rom.the application of a smg]e-frequency applied to the AQ cell
the maximum amount of programmable delay that is possib#@s interpreted as a large time delay [19]-{21]. As previously
Toax, IS, therefore, the difference between the transit time afentioned, time delay and phase shift are indistinguishable for

the duration of the pulse as shown below: a single-frequency signal. Since the bandwidth of a single-fre-
quency tone is effectively zero, (31) is not satisfied. Therefore,
Tmax = tao — 1. (32) the observed phase shift must not be a result of TTD, but of a

different mechanism. The previous system analysis clearly indi-
While the maximum angle of rotation of the mirror M1 will cates that the AO-FDPC heterodyne system produces both time
also affect the maximum delay, it is not expected to be a lindelay and phase shift. Equation (27) shows that the mirror rota-
iting element since fairly large rotations relative to the opticaion introduces a continuously variable phase shift through the
wavelength are possible. term ¢ [see (29)] if the microwave carrier frequency is offset
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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);
i Y 2) sub-arrayed elements (phase and time-delay steering);
3) true-time delay (TTD) units at each element
A R P i (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
it----i—-----41  words, the beam does not squint with a change in frequency. Al-
‘ || ternatively, it may be said that the antenna beam does not expe-
; : : : | i L E rience spatial dispersion when transmitting or receiving signals
¢ 5 10 15 20 25 30 35 40 45 that have a wide instantaneous bandwidth.
Percent Bandwidth . . .
It should be noted that beamsteering bandwidth may be lim-
Fig. 5. Maximum programmable time delay as a function of percent signed by either aperture effects or feed effects as discussed by
bandwidth. Cheston and Frank [34]. Only the aperture effectis considered in
this analysis since it is fundamentally tied to the AO-FDPC het-
(erodyne system architecture. In order to investigate the aperture

with the mirror pivot point) Under this single-frequency condi-bandv"id'[h effect of the AO-FDPC heterodyne system, a sim-

tion, the system effectively operates as the well-known phadlified linear array geometry of consisting of contiguous, uni-
shifting heterodyne system [26], resulting in a phase shift of tﬁ%r_mly |IIun_1|nat_ed sub_arrays will be considered. The basic anal-
detected microwave carrier. Since the analysis presented W&H§ technique is applicable, however, to a more complex array
was not available at the time the experiments were perform@§Ometry such as those reviewed by Agrawal and Holzman [35].
it is probable that the output beam was not exactly aligned with e linear array shown in Fig. 6(a) consistsidfsubarrays,
the mirror pivot point. Therefore, it is hypothesized that the of$2Ch havingV elements spaced a distancapart. The length
served single-frequency experimental result is not the result@f&ach subarray ig.... Therefore, the total number of radi-
TTD, but rather a result of a phase shift that can be predictBfind elements i3/ x N. Phase shifters are placed behind each
from the system analysis presented here. element of the _subarray and a TTD _unlt is pl_aced behind each
Finally, it should be noted that the proposed frequency-depé‘t‘-barray- S_pe(_:|al cases of th!s architecture include phase-only
dent phase compensated heterodyne system which uses arP§pmsteering in which there is only one subarray (Regle-
tical grating [19] to perform the spatial Fourier transform cann@€nts and no TTD steering) and time-delay-only beamsteering
provide time delay unless the system includes an energy storiy@/hich there is only one element per subarray (il. ele-
mechanism in a similar fashion as the AO cell. The rotation §f€nts with TTD units behind each element). These special cases
the mirror by itself without an energy storage mechanism canr@§€ shown in Fig. 6(b) and (c), respectively.
produce a time delay. This restriction applies to other FDPC het-When a wide-band signal is applied to the array the subarray
erodyne time-delay configurations as well [23], [24]. In the nexgattern will experience beam squint, resulting in an effective
section, the application of the AO-FDPC heterodyne system wiiiss of array gain over the signal bandwidth [34]. In addition, the

be analyzed with respect to phased array beamsteering. ~ 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

In the previous section, an analysis was presented that quanti-- maximum allowable main beam gain loss over the instan-
fies, via (31) and (32), the maximum programmable time delay taneous signal bandwidth;
that can be realized by the AO-FDPC heterodyne technique in « maximum allowable grating lobe level;
terms of both the AO cell specifications and signal modulation ¢ maximum scan angle at which either of the previous two
bandwidth. Since the ultimate application of this heterodyne conditions are specified.
technique is phased array beamsteering, it is equally importanfor this analysis, it is assumed that gain degradation is the
to quantify the beamsteering performance that can be supponteare critical of the first two specifications listed above. There-
by this system approach. In this section, beamsteering perffore, the beamsteering performance of the AO-FDPC hetero-
mance specifications will be briefly discussed followed by atlyne system will be quantified based on the maximum allowable
analysis that allows the AO-FDPC beamsteering performantgin beam gain loss at a specified maximum scan angle. Specif-
to be quantified based on beamsteering specifications and itely, the following approach is used to quantify the AO-FDPC
AO-FDPC hardware. beamsteering performance:

_______________

Maximum Programmable Delay (ns)

fromw,, by an amounéw, (i.e., the beam is not exactly aligne

I1l. A PPLICATION OF THEAO-FDPC SSTEM TO
PHASED ARRAYS
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Fig. 6. (a) Generalized subarrayed architecture used for analysis. (b) Special Case 1: Phase-onlysteering(€) Special Case 2: Time-delay-only steering
N =1).

1) specify the maximum allowable mainbeam gain loss fateering angle. The loss in mainbeam gain at the edge of the in-
a given signal bandwidth and maximum beamsteerirgantaneous frequency band is given by [34]
angle;

2) determine the subarray beamwidth and number of sub- AG (dB) = 201og sin (4 sin 6,) (33)
array elements that will support the previous gain loss TKsinb,
specification;

3) determine the number of subarrays (i.e., array size) tfi’gt]ereeo is the desired beamsteering angle &tk a bandwidth

gﬁtor that is the ratio of the percent bandwidifiV (%) to the

can be used based on the maximum time delay that . _ .
be supported by thaO-FDPChardware. Stoadside subarray beamwidthy,, as shown below:
BW(%)

Once these steps have been completed, the array beamwidth K= O (34)

and grating lobe levels are easily calcqlated, if Qe5|red. Itshou.IdThe percent bandwidtB TV (%) is given by

be noted that an alternate approach is to define the array size

and bandwidth specification and then to define the time delay BW(%) = 100 af (35)

needed fromAO-FDPChardware. The first approach was taken Jo

since the maximum number of array elements is a useful meghereA f and f, are the instantaneous bandwidth and the car-

sure of the practicality of a particular design as will be demonmier frequency of the signal, respectively. Given this loss speci-

strated in the following section. fication and the system percent bandwidth, (33) may be numer-
ically solved to determine the bandwidth factir that meets
these requirements. Next, the subarray 3-dB beamwidth (in de-

B. Quantification of AO-FDPC Heterodyne Wide-Band greesy.., may be determined from (34) for a specified percent

Beamsteering bandwidth. The subarray length,,,, may then be determined
for the uniformly illuminated subarrays considered here

The first step in quantifying the wide-band beamsteering per- Lo = 50.1 Ac (36)
formance is to specify the maximum allowable main beam gain Osub
loss over the instantaneous frequency band at a maximum bearhere . is the wavelength at the carrier frequency.
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The number of elements required in the subarray may nowh 40 T , ! , , T
computed by dividing the length of the subarray by the interele - P L L ! x=phasednly steeting | |
ment distance Co ; i o=iphase and TTD jteering
; ; : i +=TTD-only steering :
Low e T e At S TELEE bomeee
N =floor | === ). B7) ¢ i i R ool 94 |
s g sl o ® ) O I o
K v P® AT "?C—)(—)""E- ————— FDOOO H :
Thefloor( ) operator indicates rounding down to the neares . ® Pooo; P
integer value ofN. At this point, it should be noted that the §2° """ N S N ‘if}'%‘ﬁﬁ*'"’; """" .
maximum beamsteering angle that was specified for the LT PR S S %@,__jriﬂiri,____,J__,__,_i_,;_,__L _______
is directly related to the maximum array fill time. The array € Region 1 §++§2*%H Region 3
fill time at the maximum scan angle, therefore, determines th< o|.....i.... ... : BTSN S Sl O IUUUNUNY: o ST
maximum time delay that must be delivered by the TTD unit. 5 P oo kxxx
The maximum array fill imé},,., is dependent on the electrical ~ 5F-——--t—fg ot ROBNZ 4 2t
length of the array and may computed as T
0DPDEDDBDS! ' . ' ' ~HOODD
N(M — 1)L . 5 0 15 20 25 30 35 40 45
T = N(M = 1)Lsu, Sin 6, s (38) Percent Bandwidth

c

wherec is the speed of Iighthub is the subarray Iength, and Fig. 7. Maximum number of array elements for Case Study 1.

O, max IS the specified maximum beamsteering angle. There-

fore, the number of subarrays that can be used while maintainingt should be noted that the total number of array elements for
the beamsteering specifications may be computed by solvifig subarrayed architecture is a function of both the AO cell i.e.,
by (38) for A and substituting forV using (28). The result is TTD unit) properties, the bandwidth parameférassociated

shown below: with the gain loss specification, as well as a number of the array
i parameters (e.g., element spacing). The total number of array el-
M = floor <W + 1) . (39)  ements for the time-delay steering only method is independent

of the bandwidth factoK since this architecture does not expe-
The total number of array elemeis that can be used while rience gain loss due to beam squint. Likewise, the total number
maintaining the wide-band steering specifications is, therefogg, array elements associated with the phase only beamsteering
the product ofV and M approach is independent of the AO cell parameters since it does
N - NM not employ time-delay units. If desired, the array beamwidth
= NM. (40) . .
and the grating lobes generated by the resulting array geometry
At this point, (32) and (36) may be substituted into (39) tf1ay now be computed by the method presented by Mailloux
determine the maximum number of array elements as a functié®]-
of the AO-FDPCtime-delay limitations, array parameters, and Equations (41)—(43), may be plotted as a function of the per-
beamsteering bandwidth specification. The maximum numbegntage bandwidth of the transmitted (or received) signal for
of elements for the subarrayed beamsteering architecturedigen beamsteering anO-FDPC hardware specifications to

given below: determine if the number of array elements supported by the
AO-FDPC phased array architecture is feasible and/or useful.
" cdaso _ L In the next section, two cases will be presented to explore the
OO.].)\CK YAO Af - K
N, =floor floor T T +1|  utility of the AO-FDPCheterodyne method for practical arrays.
sfloor (T) sin b, max
for sub-arrays (41) C. Case Study of Specific AO-FDPC Architectures

For the special cases of TTD-only beamsteering and!nthe case studies, the following beamsteering specifications
phase-only steering, the total number of array elementsVjgre used. First, the specification for the main beam gain loss
given by A and N, respectively. Note that these numbers wilis 0.8 dB. This value corresponds to the radar pulsewidth being
be different from the values oV and A/ computed for the equal to the aperture fill time as discussed in [34]. Second, the
subarrayed architecture since they correspond to fundament@amsteering angle at which this loss is speciftgg,.x, was
different types of array configurations. These can be written fiflosen to be 45While these specifications are somewhat ar-

terms of the same variables used above bitrary, they are representative of specifications for practical ar-

rays.
c (Z:g - ff) 1) Case Study Number 1In this case, the AO cell speci-

M = floor T ssinby o +1 fications given by Toughlian and Zmuda were used [19]. The

AO cell had a 70-MHz center frequency, a 25-MHz bandwidth,

for time-delay-only steering (42) a 0.6-mm active region, and an acoustic velocity of 4000 m/s.

N —floor <50-1)\CK> Equations (32)—(34) are plotted in Fig. 7 to show the number of

s array elements that can be supported byAReFDPCsystem

for phase-only steering. (43) 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 |

CASE STUDY SYSTEM PARAMETERS

Parameter System 1 System 2
Center Frequency, f, (MHz) 70 3000
BO Cell Bandwidth, Af (MHz) 25 2000
Percent Bandwidth (%) 35.7 66.7
Acoustic Velocity, Vae (m/s) 4000 3440
Active Length, dae (mm) 0.6 0.688
Transit Time, ta, (ns) 150 200
Maximum Time Delay, Tmax (NS) 110 199.5
Maximum Delay (wavelengths)= f, ., 10.5A 600A
Time Bandwidth Product = t, Af 3.75 400

2) Case Study Number 2n this case, a wide-band AO celldelay that can be achieved using &k@-FDPCtechnique that is
described by Riza was used [37]. The AO cell had a 3-GHmssociated with the percent bandwidth of the signal and the AO
center frequency, a 2-GHz bandwidth, a 0.688-mm active reell properties. Likewise, the time delays that may be achieved
gion, and an acoustic velocity of 3440 m/s. Equations (41)—(4f®)y a subarrayed architecture are restricted.

are plotted in Fig. 8. Furthermore, as shown in Fig. 7, the maximum number of
The system parameters associated with both case studiesaaray elements supported by the heterodyne system of case
summarized in Table I. 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 1@.8elay. (Recall, the
array operates at 70 MHz and uses half-wavelength element
Figs. 7 and 8 show several interesting results. First, in bagpacing.) Therefore, while this system is adequate for demon-
Figs. 7 and 8 the number of elements that can be supportgdtion purposes, it will not support practical array designs.
for phase-only beamsteering (i.e., tkea) drops dramatically In case study 2, the AO cell has a 67% bandwidth and a time
as the percent bandwidth of the signal increases, as expectethdwidth product of 600 that supports a maximum delay of
However, the number of elements that can be supported &0\. Therefore, many array elements can be supported by a
time-delay-only beamsteering (i.e., th&) is not independent of AO-FDPC heterodyne system using this AO cell. It must be
the percent bandwidth as would typically be expected for arragsessed that the number of array elements plotted in Figs. 7 and
using traditional time-delay elements such as variable-lenddhare maximum numbers based on a consideration of only of
transmission lines. This is due to the unique time-delay profiie amount of time delay that can be achieved inABeFDPC
erties ofAO-FDPCheterodyne system. Equations (31) and (32jeterodyne system. Practically, a reduction in the number of
clearly indicate that there is a restriction in the amount of timdements will occur due to spatial constraints in the heterodyne

D. Discussion of Results
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system imposed by the mechanical design as discussed by Riza)
[37].

[10]
IV. CONCLUSIONS

This paper presents a theoretical analysis of the microwave
phase-shifting and time-delay performance of the AO-FDP(11l
optical heterodyne system. The paper quantifies the physical
time-delay mechanism and time-delay performance limitation§L2]
of this technique in terms of the AO cell parameters and the
signal bandwidth. Specifically, three distinct regions of operayg
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 programmab%‘”
delay is signal bandwidth dependent. In the third region, time
delay cannot be supported because the signal bandwidth el
ceeds the AO cell transducer bandwidth. This unique type of
operation may be useful in other applications for the temporaftis]
discrimination of signals based on bandwidth. It is also show
that both time delay and phase shift may occur. The results a
used to propose an interpretation of previously reported experi-
mental results. Finally, the wide-band (i.e., squint free) phase€

. ) 18
array system beamsteering performance that can be achieved |a]
the application of the AO-FDPC heterodyne technique is quan-
tified. The results of this analysis give the maximum number of1°]
array elements that can be supported by an AO-FDPC hetero-
dyne system. This number can vary widely depending on the A@o0]
cell specifications. This is demonstrated via the consideration
of two different case studies. In summary, this work provideézu
a greater understanding of both the fundamental theory of op-
eration and the application of the highly referenced AO-FDPJ22]
heterodyne system to phased array antennas.
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