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Ultrawide-Band Fiber-Optic Control of a
Millimeter-Wave Transmit Beamformer

David A. Tulchinsky and Paul J. Matthewglember, IEEE

Abstract—An ultrawide-band fiber-optic true time-delay mil-  fabrication, waveguide loss, and dispersion of these lenses at
limeter-wave array transmitter is fully characterized and demon-  mjllimeter-wave frequencies, this approach has not yet achieved
strated in this paper. The beamformer is based on dispersive-prism g irahje performance over very large bandwidths [3], [4]
optical-delay lines and exhibits squint-free4-60° steering in az- . . o
imuth across the entireK a-band (26.5-40 GHz). This is believedto ~ Numerous photonic architectures have been investigated to
be the first fully functioning demonstration of a photonically con- address the above limitations [5]-[7]. One key advantage of
trolled wide-band millimeter-wave transmitter system. photonic control is its ability to provide the wide-band true

Index Terms—Array signal processing, millimeter-wave antenna time-delay (TTD) beamforming necessary for many current
arrays, millimeter-wave radar optical fiber delay lines, optical- and future applications. Although there have been many
fiber dispersion. successful demonstrations of TTD photonic beamforming at

lower frequency ranged . through Ku-bands), most of the
I. INTRODUCTION tech_niqges are not amena_ble to yvide-band miIIime_zter-wave
) ) applications due to the stringent time-delay resolution (sub-
HASED-ARRAY antenna systems are increasingly userfrcosecond) and amplitude and phase-tracking requirements.
in a variety of applications due to the many inherent 8@, example, switched optical delay lines, which are used in

vantages of electronically steered beams over those with MEVariety of photonic TTD implementations, would require

chanical steering. The advantages include reduced size, beama |ength difference of a few micrometers in order to
agility, beam shaping, multiple beam formation, increased rgzpieve the subpicosecond resolution (least significant bit)
liability, graceful degradation, and reduced maintenance co{8eded at 40 GHz. In general, the few previously demonstrated
However, due to the inherent limitations of traditional all-eleGs,ntonically controlled millimeter-wave array transmitters and
tronic control over the individual array elements, many of thesggejvers have exhibited narrow bandwidths or severely limited
advantage; -have not bgen realized. The m_heren.t Complex'%ﬁbrating characteristics due to these difficulties [7]—[9].

the multiplicity of the microwave phase shifters increases theHere, we demonstrate what we believe is the first photonic
system cost, with weight and loss being additional drawback o yide-band TTD millimeter-wave array transmitter. The
Furthermore, when an array is scanned with fixed units Ofph%%hnique is an extension of the previously demonstrated

by electronic phase shifters, there is a limitation of the systeffynersive-prism beamformer [10], further demonstrating the
bandwidth since the steering direction of the main beam Cha”@l%?(ibility and utility of this technique. The system’s optical

with frequency [1]. components have been tested and are able to optically steer

High-frequency millimeter-wave radars have many advag-|inear array over an extremely wide frequency range (1-50
tages over radars in other portions of the electromagnetic SPEf1z). The system’s overall bandwidth is limited by the indi-
trumin that they allow for increased tracking accuracy while nQf4,,al antenna array elements and microwave components. As
being limited by the reduced apertures available in next-gefiiegyit, the completed system exhibit§(* azimuthal steering

eration designs of miniaturized components. However, due\i&, no observable beam squint over the entf&-band
the current state-of-the-art in broad-band system component%_s_‘m GHz).

these frequencies (power generation, amplification, and control
devices), it has been difficult to make the region of the elec-
tromagnetic spectrum above 30 GHz more broadly applicable
[2]. Furthermore, the technical difficulties involved with the A schematic of the transmit array beamforming system is
design of electronic millimeter-wave phase shifters, the basiiown in Fig. 1. The main beamformer is based on the fiber-
steering element of phased-array beamformers, has remaigggic dispersive prism approach and provides a wavelength-de-
a challenging problem. Hence, in the millimeter-wave portiopendent time delay at each array element, proportional to the po-
of the spectrum, the Rotman lens has traditionally been ussifion of the corresponding element in the array. This is accom-
for array beamsteering. With the difficulties involved with th%"shed via an optical-dispersion gradient in the beamformer.
Hence, by tuning the wavelength of the laser, the dispersion gra-
Manuscript received August 31, 2000. This work was supported by the Offigéent is translated into a time-delay gradient at the antenna ele-

Il. SYSTEM CONFIGURATION

of Naval Research. _ , o ment output, producing a time-steered far-field pattern.
The authors are with Code 5651, Optical Sciences Division, U.S. Naval Re—A t | itv sinal d . ductor | hich
search Laboratory, Washington, DC 20375 USA. ~ An external-cavity single-mode semiconductor laser, whic
Publisher Item Identifier S 0018-9480(01)05052-9. is tunable across a wavelength range of 1470-1590 nm, serves
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Fig. 1. Schematic diagram of the fiber-optic beamformer. Fig. 2. Frequency response of one of the links in the optical beamformer with

and with out the RF pre- and post-amplifiers.
as the optical source for the system. The 1.5-mW output of the
I_aser IS amp"f'e‘?' to 75 mW by an erbium-doped fiber am_pl imeter-wave network analyzer, prior to testing in an anechoic
fler_(EDFA) and is subsequently modulated by a comr_nerma_l amber. Several parameters were tested to determine if the
ava(;lalble_ Mach—Zzhndfe‘rlg"n g?_'ulafro(l\élgl\g)ocg[ﬁtble Of'nt(alr}_s'tyystem met the design specifications. The fiber-optic HD prism
m_ohuatlon_uplvvar_ SC;SO 4B Z.d el _d z preamplii€ly o5 yerified to have a uniform wavelength dispersion, and
with a hominal gain ot 54 db and a saturated output power gﬂer final time trimming, the measured maximum time delay
10 mW, is used at the RF input of the MZM to ensure adequ Bor among the channels wa€.02 ps, over the full-10-nm
(é};:n?m'c. rar;]ge a_t the MZM agld tofovzr_comhe the inherently hlgQlt?avelength tuning range. This extremely small timing/phasing
0ss in the microwave cables 1ee Ing t gsystem. i error illustrates the utility of this photonic architecture for
The modulated optical carrier is then split and fed into thﬁ\illimeter-wave applications
lfour—(;]hafn;.elhfga'er—optllc lesger]fé)ve prism. Tbe ;1om|r|lal unit Fig. 2 shows the typical overall system frequency response of
.engr:]]t ot high- lepers%l( r? Ifeﬂl'wk_i&o pg n;n- rg) cg1e arm of the fiber-optic beamformer across the 15-45-GHz
g‘ the arll—?gflz 5m. us, It eTr?ur mIIS avr:a f’Hg’f_Sb » 3st pand, with 1.0 mA of PD current, showing the response
> r;]w ﬁ K of Ih e, rgspt_act;(ve y- The t(_)tr‘? ant Oh ! er”mfromjust the optical link and the optical link with the RF ampli-
each link of the prism is known to withit2 cm. The overa fiers. The optical link has an insertion loss-o45 dB at 15 GHz

link lengths are equalized with dispersion-shifted (DS) ﬁb%ith an additional 10-dB dropoff by 40 GHz. These are typical
such that the total difference in the optical time delay betwe Arameters for the commercial modulator useg €141V

any two links, at the center wavelength (1555 nm), is less th P15 GHz and5.5 V at 40 GHz). The beamformer shows a

+2 PS. Flna! time trimming Is agcomplls_hed by adjustment ingle-channel insertion gain/loss-ef+15 dB at 15 GHz drop-

the fiber-optic stretcher presentin each link. The stretchers h%\fﬁg to—20 dB by 40 GHz. This dropoff in gain is typical for

a resolution better than 0.25 ps (3a@ 40 GHz) and exhibit no the combination of the MZM with the LNA used for postampli-

microwave phase dispersion across the frequency band. E ion.

fib_er-optic link also inc_ludes afiber-optic_attenuator (_FOA) for An important parameter for an ultrawide-band array system

mlcrowave_-freql_Jency_mdependent amplitude matching. ._Is the amplitude and phase tracking of the individual link re-
The optical 5|gnal_|s then de_modulated by a comme_rmal onses across the full instantaneous bandwidth. Fig. 3(a) and

available 50-GHz p-i-n photodiode (PD). The nonterminategh op s the amplitude and phase tracking of all four links

microwave output of the PDis pa_ssed through_a 6-dB attenu %hout the LNA amplifiers in place, respectively. Fig. 3(c) and

and .then a G.O'GHZ plas tee, which re'du'ce microwave baCk'fﬁj shows the corresponding responses with the insertion of the

fIgctmqs while alloyv!ng for voltage biasing of the PDs. Th?_NA postamplifiers. In both figures, the zero dispersion link is

3'9”"’?'.'3 then amphﬂe;d by brpad-bgnd 10-40-GHz IOW'no's‘t?!lken as the reference by calibrating the network analyzer on

amplifiers (LNAs) having nominal gains e#35 dB, at the low its response. Without the LNAs, we observe good amplitude

end of the frequency range. The outputs of the four LNAs a[%cking with a rms deviation of- +0.5 dB across the mea-
connected to every other element of & B waveguide antenna

h i< fabri P hinned 28 ,ci;ured frequency range with the exception of the most dispersive
array. The array is fabricated from thinned WR-28 waveguige, rpis jink used a PD from a different production run from

(applicable fork a-band) W't.h a4.24-mm element spacing. Th'the others. When this diode is included, the deviation rises to
unused elements are terminated to reduce unwanted coupling ; 1_4g rms. The unamplified phase tracking has a deviation
effects between elements. Total radiated output power for tHFN +4.6° rms. With the LNAs in place, the system amplitude
system was less than 10 mW. tracking deviation increases t01.8-dB rms, while the phase
tracking deviation rises te-8.0° rms. The overall system gain
and dynamic range are limited by the low optical power that is

After assembly and packaging, the fiber-optic beamformirayailable at the photodetectors and the unavailability of a more
system was calibrated and tested in the laboratory with a méfficient MZM in the frequency range of interest.

I1l. L ABORATORY CHARACTERIZATION
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Fig. 3. (a) Amplitude and (b) phase tracking response among the four links without the final low-noise RF amplifiers. (c) Amplitude and (d) ptmagse track
response between the four links with the final low-noise RF amplifiers. In all plots, the number zero link is the reference.

0 T T ;.f, d' T 23.5 GHz is not evident and the position of the 35.0-GHz null
- _u_g”maprﬂfﬁ’,;c;e K n has been shifted by 1 GHz. Despite these problems, the position

" - of the main lobe indicates that the amplified system does steer
the main beam to the correct angle.

To obtain a better understanding of how the amplitude and
phase errors effect the overall system response, calculations
7] of the response of a four-element beamformer were conducted
. with random errors added to each element, individually in
4 both phase and amplitude. Fig. 5 illustrates how these errors
! degrade the broadside antenna response. Fig. 5(a) shows the

50 expected response of an antenna steered t@d® measured
Frequency (GHz) at broadside with no signal errors. Fig. 5(b) and (c) adds 3
random error into the phase and 25% random error into the am-

Fig. 4. Laboratory characterization of the broadsid® {Gequency response . .
of the fiber-optic beamformer with laser adjusted for optical steering fo 4§“tUde’ respectively. Each of these errors degrades the antenna

azimuth & = 1564.2 nm). The beamformer with and without the final pattern, and limits the null depth to10 dB below the sidelobe
low-noise RF amplifiers, as well as a calculated pattern are shown. level. The errors tend to deform the shapes of the sidelobes and
broaden the nulls. When error in both phase and amplitude are
Injecting the microwave outputs of each optical link into #troduced, as is shown in Fig. 5(d), the beam nulls degrade
microwave four-way combiner allows for the testing of the syse ~5 dB below the sidelobes. Despite errors of this size, the
tems ability to steer in one dimension in the laboratory. By surpesition and magnitude of the main beam remains largely
ming the beamformer’s outputs in this manner, a network anaaffected. While these calculations are not a true reflection of
lyzer can be used to measure the expected radar range braae-actual mismatch among the beamforming elements, they do
side (0) antenna intensity verses frequency response. With thgggest that at these levels, errors in amplitude and phase can
beamformer steered t945°, Fig. 4 shows the measured broadsignificantly degrade system performance.
side response for the array with and without the LNAs in place.
The theoretical four-element pattern is also shown for compar-
ison. Without the LNASs in place, the performance of the system
closely matches the theoretical predictions. Upon insertion ofThe antenna array and fiber-optic beamformer were then
the LNAs, the near doubling of the amplitude and phase migsted in a compact anechoic millimeter-wave radar range.
match degrades the array pattern to the point where the nullkanetwork analyzer was used to drive the RF input of the
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Fig. 5. Calculations of the laboratory patterns measured in Fig. 4 with: (a) no noisé,dbpBase noise, (c) 25% amplitude noise, and (d)iBase noise and
25% amplitude noise added to each arm of the beamformer in the calculation.
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Fig. 6. Transmitted intensity plot as a function of mechanical angle afdg. 7. Array pattern intensity plot as a function of mechanical angle and
frequency for a single element of the<18 waveguide antenna array steered fofrequency with the laser adjusted for broadside radiation< 1555.0 nm).
broadside radiation {§. The image is normalized for the frequency respons&he image is normalized for the frequency response of the system.

of the system.

system. The radiation from the transmit array was focus@ibce of RG-28 thinned waveguide. The element pattern gives
onto the receive antenna by an off-axis parabolic microwaea indication of how well the array may be expected to per-
mirror. Azimuthal scans were taken acrosst@0° range in form over a broad range of steering angles and frequencies.
0.25 increments, at frequencies ranging from 20 to 45 GHEhis image, as well as the images in Figs. 7 and 8(a), have
in 0.5-GHz increments. The frequency scans were limited ®een normalized for the frequency response of the system. This
the low-frequency end by the cutoff frequency of the WR-28ingle-element pattern does not include any mutual coupling ef-
waveguide f. ~ 21 GHz) and on the high-frequency end byfects, which also can affect the actual array performance.

the rolloff (~40 GHz) of the millimeter-wave postamplifiers. A measured broadside intensity plot of the transmitted an-

Fig. 6 shows a single-element intensity pattern across ttesna pattern across t€q-band is shown in Fig. 7 as a func-

Ka-band (26.5-40 GHz) for a radiating aperture made fromtan of azimuth and frequency. This image has not been nor-
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Fig. 8. (a) Array pattern intensity plot as a function of mechanical angle and frequency with the laser adjusted for optical stetigammuth @ =
1561.5 nm). The image is normalized for the frequency response of the system. (b) Intensity as a function of frequency for the measured array patte3ain (a) at
steering (solid) and the calculated response for WR-28 waveguide (dashed). (c) Measured gain as a function of frequency for one of the low pdifsErpostam
used in this system.

malized for the antenna element pattern of the array. The laser
was tuned to 1555.0 nm to produce the expected broadside (0
steering angle. The main lobe is readily discernible at the ex-
pected steered angle and exhibits squint free operation over the
full 26.5-40-GHz frequency range. The first grating lobe, cal-
culated to bev £60° away from the main beam at 40 GHz is
clearly visible. The two expected sidelobes are also visible on
either side of the main beam.

An example of the ultrawide-band frequency capability of
this system is demonstrated by the transmitted intensity antenna
pattern shown in Fig. 8(a) of a beam-steered & of broad-
side. Again, this image has not been normalized for the antenna
element pattern of the array. The laser was tuned to 1561.5 nm
to produce the required TTD gradient at the antenna array. The
main lobe exhibits squint-free steering over a greater frequency
range than is encompassed by ieé-band. The transmitted fre-
guency is limited on the low-frequency end by thg, cutoff
frequency of the RG-28 waveguide antenna array, which occurs
at 21.1 GHz. The anomalies in the steering near the cutoff fre-
guency of the waveguide are due to the nonideal nature of the
phase velocity of the electromagnetic waves in the cutoff regime
[11]. Fig. 8(b) shows a line scan of Fig. 8(a) taken at &0’
steering angle, depicting the power transmitted as a function of
frequency. The calculated rise in transmitted power as a func-
tion of frequency for WR-28 waveguide is also shown. On the
low-frequency end, the system intensity output matches that of
the ideal waveguide near the cutoff. The high-frequency dropoff
in transmitted power is an indication of the dropoffin gain of the
LNAs above 40 GHz, as is shown in Fig. 8(c), as well as the in-
efficiencies of the MZM and PDs.

Fig. 9 shows line scans of the relative radiated power as 0 TR0 40 20 ©0 20 40 60
a function of angle for the steered angles of Fig. 4&0°, Azimuth (°)

Fig. 9(b) 0, Fig. 9(c), andt+45’ at several frequencies spanning (c)
the Ka-band, demonstratlng Squmt-fr_ee steering. It is Cle%{g. 9. Relative radiated power as a function of mechanical angle for optical
that the system is able to operate squint free across the endiering to (a)-30°, (b) @, and (c)+45° in azimuth at frequencies (26.5, 28,

Ka-band, with an equally wide instantaneous bandwidth. TI38: 32, 34, 36, 38, 40 GHz) across the:-band. The power is normalized to
the peak of each curve. The black vertical line is a guide to the eye to indicate

bandwidth Of.the system being SOIer limited by the microwa\@nere the beam is steered. The data in (a) and (b) are from line scans of Fig. 8(a)
components in the system. and Fig. 7, respectively.
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V. CONCLUSIONS [5] H. Zmuda and E. N. ToughlianPhotonic Aspects of Modern
. Radar Norwood, MA: Artech House, 1994.
We have developed and demonstrated an ultrawide-bangs] N. A. Riza, Selected Papers on Photonic Control Systems for Phased
transmit beamformer for millimeter-wave transmit arrays.  Array Antennasser. SPIE Milestone. Philadelphia, PA: SPIE, 1997,

K . i . L . vol. MS 136.
The system is based on the fiber-optic dispersive prism aI7] G.W. Webb, S. C. Rose, M. S. Sanchez, and J. M. Osterwalder, “Exper-

chitecture using only commercially available components. ~ iments on an optically controlled 2-D scanning antenna,” presented at
The beamformer was characterized for microwave frequency the 1998 Antenna Applicat. Symp., Monticello, IL.

: : - - [8] L.L.S.Huang,C.H.Lee,andH. L. A. Hung, “Optically controlled gen-
response, dynamlc range, and amp“tUde and phase traCkmE eration and true-time-delay phase shifts of broad-band 60-GHz signals,”

errors. Additionally, it was used to drive every other element  |EEE Microwave Guided Wave Letvol. 45, pp. 42-44, Feb. 1993.
of a 1 x 8 waveguide array, and steered antenna patterns wer&] V. A. Manasson, L. S. Sadovnik, and V. A. Yepishin, “An optically con-

. . trolled MMW beam-steering antenna based on a novel architecture,”
measured in an anechoic chamber. The system demonstrated |ccc trans. Microwave Theory Teghvol. 45, pp. 1497-1500, Aug.

squint-free array steering acrosst#0° azimuthal span and 1997.
over the entireKa-band (26.5-40 GHz). We believe this to be [10] R.D.Esman, M. Y. Frankel, J. L. Dexter, L. Goldberg, M. G. Parent, D.

the first demonstration of an ultrawide-band TTD photonically fse“e"é"?:'éggdpab%'n(:?ggﬁ;blFI'_beE;{\;gFtéC ggsrlnsg;’fltgzg'miyg”;g"”a

steered millimeter-wave transmit array. [11] S.Ramo, J. R. Whinnery, and T. V. DuzEiglds and Waves in Commu-
nications Electronics3rd ed. New York: Wiley, 1994, pp. 417-428.
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