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A Transmit/Receive Active Antenna with Fast
Low-Power Optical Switching

James Vian and Zoya Popoyigenior Member, IEEE

Abstract—This paper presents an optically switched X-band ac- I

tive antenna element for half-duplex transmit/receive (T/R) appli- ————— j
cations. The antenna element is designed to be a unit cell of a quasi- N —
optical array with fast switching between T and R and with built-in T X

phase-shifterless beamforming. The measured performance of the
active element is 14 dB gain contributed by the power amplifier
(PA) in transmission and 16 dB gain contributed by the low-noise
amplifier in reception, with 30 dB isolation between T and R. The
switching is accomplished with only 1.W of optical power for 1.7
£S switching time (1.7 pJ of optical energy) and a rise time of 2 NS Front Antenna
at 10 GHz with 7 mW of optical power (14 pJ of optical energy).
The design, implementation, and measured performance of the op-
tically controlled transmit/receive circuit are presented. Switch

.
cmemmaudtsy

Index Terms—Active antennas, microwave switches, optical

switches, switched circuits. Fig. 1. Sketch of a cylindrical T/R active antenna lens array with half-duplex

operation. The insert shows details of the array element (unit cell).

|. INTRODUCTION lens. In each element, the signal is delayed in relation to its posi-

: . . . tion in the array: unit cells in the center have longer delays than
ITH THE increasing complexity of modern communi- . . L ; .
egge elements, in analogy to an optical lens’ being thicker in

cation environments, antenna arrays with a number : :

: : ) - center than on the edges. The switches then route the signals
simultaneous beams are of interest. One possible realization, 0 ) " S

é}rough PA's before retransmitting a coherent combination of all

multiple-beam arrays is active antenna array lenses (AAAL . .
. X . . ! e element powers. In reception, the signals are routed through
with spatial feeds [1], [2]. Some properties of this architectur; . : .
X S LNAs in each element. Different positions of a feed along the
are phase-shifterless beamforming; lower feed losses than thgse

. . cal arc correspond to different main beam angles, since the
associated with corporate feeds for a large number of array el- . : . ) T
o : . e -lens is angle preserving. In addition, for linear amplifiers in the
ements; improved dynamic range in reception; high effectivé . .
. i ) o ens, several feeds can be used simultaneously for beamforming
isotropically related power in transmission; and graceful degrfj-

dation in both transmit and receive modes [3], [4]. Transmit/re- In half-duplex T/R lens arrays demonstrated to date, the

ceive (T/R) AAAL'S can operate in full-duplex or half'duDIeXS\gitcheS are controlled in parallel and the bias and control

modes. Full-duplex operation (simultaneous transmission ap ; . oo I
. : . ines contain capacitors that suppress bias-line oscillations
reception) requires separate array elements, selective duple\ﬁrs

i . . 131,[4]. As a result, the rise and fall times of the array when
(filters), or the use of circulators to route transmit and receive: : : .

) : o Itis switched between T and R increase with the number of
signals through the appropriate amplifiers. Half-duplex opera-

. . . . . rray elements. Individual control of each element, however,
tion, the topic of this paper, uses microwave single-pole double- : .
. . . Increases the complexity of the control lines and the cost.
throw (SPDT) switches to route the transmitted and receiv ; X . . . . .
possible solution, discussed in this paper, is to optically

S|gFr;aIsl. shows an examole of a cvlindrical active lens with hal control switches in each unit cell of an array [6]. In this case,
9. . P Y . he switching speed of the array is independent of its size and
duplex operation. Each array element contains two antennas L .
; egual to the switching speed of each element. Further, optical

(shown here as patch antennas on each side of the lens), a p%vger

amplifier (PA), a low-noise amplifier (LNA). and two SPDT Ers that gt_ude the switching control signals do not affect the
. o microwave fields.
switches. In transmission mode, the patch antennas on the fee . . .
eviously demonstrated optically controlled microwave

side receive signals from one or more feed antennas (representeti{ . S
by horn antenna in the figure) located along the focal arc of they' ches use optical power to generate carriers in microwave
p-i-n diodes [7]-[9]. The disadvantage to this technique is

the fact that the insertion loss (IL) and isolation of the switch
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Fig. 2. Circuit diagram of the active antenna element. The light incidenton  _ggl{ - - - - - Lo Y Y B
the PDs controls the p-i-n diode SPDT switch through push—pull FETs. The | : | :
switches route the signal between the two antennas: PA in transmission an  _1q I 1 L I
LNA in reception. 0 2 4 6 8 10 12
Frequency (GHz)

times) is a function of incident optical power, while the IL andrig. 3. Simulated (- -) and measured (-) high-pass filter transmission response.
isolation are independent of it. The filter consists of a chip capacitor and a shunt bond wire and is very compact.

Il. DESIGN AND LAYOUT OF OPTICALLY CONTROLLED o IS N I

MICROWAVE T/R SWITCH 0

Fig. 2 shows the schematic of the array element used in thi
work. 10-GHz patch antennas with a common ground plane an

vias between the two sides of the active antenna are used ‘g _,, _ _Simulated __
improve isolation between in the input and output of the am-2
plifiers. Off-the-shelf monolithic microwave integrated circuit @-3of ---- - Lo---- 4

(MMIC) amplifiers are used for the RAand LNA2 MA/Comm
MA4GP032 p-i-n diodes, with a 8 on-resistance at 3 mA and | Eielieied tieiints Rl
0.12 pF capacitance in the off state, are used for the microwav
switch. Diameter of 2%:m and gold bond wires of length 0.5
mm are used as 1-nH inductors in a T-network with the p-i-n  _gp
diodes to improve performance by reactance cancellation. Th 0
resulting single-pole single-throw (SPST) switch has a mea-
sured IL of 0.75 dB and an isolation of 20 dB from 6 to 13 GHzig.4. Simulated (- -) and measured (-) p-i-n diode bias line transmission loss
Compact high-pass filters (HPFs) and low-pass filters (LPF&)d RF leakage. This compact bias line is implemented with a chip capacitor,
are needed to separate the bias/control and radio-frequency (Rl Vire inductors, and single, /4 line section.
signals. In the unit cell, a second-order HPF isolates the bias
control for each side of the SPDT switch. This filter exhibits dimes. Push—pull PDs control the gate bias point for the MES-
least 20 dB rejection below 1 GHz and 0.1 dB loss at 10 GHz.HETs. The switch is supplied from the MMICs bias line through
is implemented with a 2-nH shunt bond wire and a 1-pF chip ca-current limiting resistor, eliminating the need for extra bias
pacitor at 10 GHz (Fig. 3). An additional bond wire is needed tines.
connect the chip capacitor to the microstrip line and is designedThe MESFET gate capacitance and PD on-resistance dom-
to be resonant with the capacitor at 10 GHz. A third-order LPRate the rise and fall times of the bias control circuit. Fig. 5
biases the p-i-n diodes implemented with 0.85-nH bond wireésows SPICE simulation results for rise and fall time as a
and 3-pF capacitors. The low impedance of this combinationfighction of optical power per PD. The SPICE models for each
transformed into a high impedance with g/4-long microstrip component are based on physical measurements. It can be seen
line causing a 0.1-dB transmission loss at the bias line junctitimat the fastest expected response for the back-to-back SPDT
and 33.9-dB bias line RF leakage (Fig. 4). switches is 2.4 ns at 9 mW per PD and is determined by the
The optically controlled bias to the p-i-n diodes is impleRC time constant resulting from the two p-i-n diode junction
mented with a HP ATF26836 general purpose metal-semic@apacitance in parallel and the current-limiting resistor. Faster
ductor field-effect transistor (MESFET) (9 dB gaify = 16 rise time may be achieved by reducing the impedance of the
GHz,C,, = 2.2 pF) and Fermionics FD80S3 1300-nm photodicurrent limiting resistor at the cost of increased p-i-n diode
odes (PDs) (0.95 A/W responsivity, active areg:8@diameter, current or providing a separate supply bias line for the switch.
C; = 0.12 pF). The MESFETSs are used to sink and source ttre@r only 1.W of incident optical power, the switch rise (and
current of the p-i-n diodes, allowing for small on/off responstall) time is approximately 1700 ns.
IHP HMMC-5618, 14 dB gain from 6 to 20 GHz with 18 dBm power at the Fig. 6— ShQWS_, the layout of the active anten-na element. T-he
1-dB compression point. active circuit side (_)f the antenna element, Fig. 6(a), contains
2United Monolithic Semiconductor CHA2063, 16 dB gain from 8 to 13 GHZN€ two SPDT switches, LNA, PA, and patch antenna. The
with a noise figure of 2 dB. push—pull MESFETs and PDs are packed into the center of

-50F-----

6
Frequency (GHz)
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Fig. 5. SPICE simulation of rise and fall times of the optically controlled

microwave switch as a function of optical power per photodiode.

ad

:"Ratch Antenna via

(b)

(b)

Fig. 7. Photographs of optical fiber mount: (a) the top of the optical fibers
mount and (b) the bottom of the optical fibers mount with the 1.5-mm baffle
holes.

two elements that carry the 10-GHz signal in order to prevent
oscillations.

The 5V and—2.3 V supply bias lines are on the passive side
of the active antenna element [Fig. 6(b)]. The bias lines consist
of sections of high and low impedanég/4 microstrip lines to
prevent propagation of the 10-GHz signal. A 0.24-mm-diameter
wire is soldered down the center of the bias line to reduce the dc
impedance with a reduction of 0.5 dB in filtering performance
at 10 GHz. The overall bias line suppressioria1 dBM,. The
MMIC amplifiers from the 5-V supply bias line are decoupled
by 100-pF chip capacitors on the active circuit side.

An optical mount shown in Fig. 7 aligns the optical fibers to
the PD while protecting the circuit bond wires. Free space cou-
pling from the fibers to the PDs allows access to the microwave
circuit during testing. The optical mount uses five posts (one in

Fig. 6. Photographs of the antenna element without the fiber optic mount: {ie middle and four in each corner) to achieve a placement accu-

the active circuit side layout and (b) the passive side layout.

racy of 40um. Unfortunately, the overall alignment of the fibers
to the PDs is 20@:m, limited by the packaging of the commer-

the circuit with the 50R microstrip lines of SPDT switch cial PDs. The optical fiber is placed approximately 1 mm above
encircling them. Isolation of 30 dB is maintained between arnfie PDs, allowing natural diffraction of the light to cover the
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TABLE |
OPTICAL ENERGY NECESSARY FOR THEMICROWAVE SWITCH TO
0 CHANGE STATE
-10 Rise time | Optical Power | Energy
= (ns) (mW) (pd)
£-20 24 9 21.0
= 3 5 15.0
Z2-30
e 8.5 1 8.5
-40 | ; 254 0.3 7.6
! ! 140 0.05 7.0
~50 ! . - 888 0.01 8.9
' 1 t '
_-60 1 1 I 1
5 6 7 8 9 10 1 12 13 14 15 SM Fiber MM Fiber MM Fiber
re 62.5/128\ Fiber Splice /200/120
T
L’ — Transmit Fibers
Variable Electrical
B Opame N3
: : : Laser Diode Function
_: ':_ ! ! : Generator
a l i b | t I | ! 1
| ] I 1 ! | I I ! I
E ' I I 1 i 1 1 I t I . "
E_20-——-:———-:—-—:——~——:————:————:-——:-—---—:————:—---: E/0 Modulator Receive Fibers
728 I ! ! ' I | ' 1 oo
T et R Rt T S ; Fig. 9. Block diagram of test setup used to characterize the optical control
: : '. : Chztnnel 0}‘:1:\ : pe ! circuit.
77| SO S BN B AL A Dy AT T R S
LN, ) [ [ oot 1 [ . . . X
A R B A A two Veritect EO drivers. An Ortel 10-mW 1300-nm fiber-pig-
-50 L : L Lt . . : / tailed laser diode is the optical source, shown in Fig. 9. The
5 6 7 8 9 10 11 12 13 14 15

Frequency (GHz) resulting optical pulses are 25 to 7000 ns wide with constant

®) rise (fall) time of about 1 ns, as represented in Fig. 10. The

_ _ . single-mode (SM) fiber outputs of the EO modulators are cou-

Z:]gd' ?5) Ig"e?ﬁgr‘:rli‘i S"Zﬁgg‘;’;ﬁﬁﬁf the SPDT microwave switch: (2) return Iq§ga 1 62.5/12¢m multimode (MM) fiber splitter, then spliced

to 200/22Qum fibers for easier free-space alignment to the PDs.

Baffles [Fig. 7(b)] between the optical fibers and the PDs pre-
area where the PD is mostly likely to be. This results in approxient cross-coupling between the transmit and receive optical
mately 15.7 dB loss in optical power. The patch antenna radiatgshtrol signals. The loss due to the free-space coupling of the
through a 20 mm by 20 mm aperture in the FR4 mount, whidiers to the PDs limits the testing range of the switch from 3 to

has measurable effects on the RF active antenna. 15 ;:W of optical power per diode, but this is not a fundamental
limitation.
[ll. PERFORMANCE OF THEOPTICALLY CONTROLLED SWITCH Two back-to-back optically controlled microwave switches

o , were constructed to test the switch response of the active an-
The measured SPDT switch in the active antenna element t{1as | tIn th i HP 83620

an IL of 0.31 dB and an isolation of 36 dB over a 2.5 GHZencr:)ir?eirtT;Zn'ﬁ nlacgsc?f r::]eeasg;irr]n er]]tse’nﬁ:\ and an H;‘g’:ﬁgg '
2:1 voltage standing-wave ratio bandwidth (8.36 to 10.8 GH'§) n P P

(Fig. 8). From the SPICE simulations, 90% of the spectral e “GHz oscilloscope in place of the MMI.C amplifiers. The os-
ergy for the switching currents is below 700 MHz, allowing th illoscope measures the change of the p-i-n diode bias; however,

e bias circuitry is loaded, resulting in a slower response. The

r_emoval of the shgnt mductqr m_the HPF to improve th? refl_e SPICE model was modified to include the effects of the oscil-
tion loss. The series capacitor in HPF reduces the p-i-n diode

switching voltage by 10 dB, which is sufficient to prevent th oscope, as well as the uncertainty in optical power delivered to
2 . e PDs (+1.7 dB and-2.7 dB).
other p-i-n diode form turning on. Fig. 11 shows a comparison of the simulations with measure-
An optical power of 0.25:W per diode maintains the switch 9. P

. : . . ents, which fall within the modeled bounds. In the active an-
state. Therefore, the optical power from Fig. 5 is required on Lo .
. . L . ST . nna, the switching should be faster, since measurements of the
during the period of time in which the switch is changing stat

. . . ; ICs using a network analyzer indicate a nearly perfect re-
Table | shows the required optical energies for changing st (Q/I .
for different rise times of the switch. ection (—0.6 dB) at each port for frequencies below 700 MHz.

For testing the optical switching rise and fall times, vari-
able-length complimentary optical pulses with fast edges are
needed. Two 3-GHz uniphase intensity electrooptic (EO) modu-The active T/R antenna was characterized with respect to an
lators are used to generate the optical pulses. They are controdipdrture of the same electrical size (0Apby 1 Ao). First the
by a function generator and inverting/noninverting op-amps aagerture and then the active antenna are placed in a setup as

IV. PERFORMANCE OFACTIVE T/R ANTENNA ELEMENT
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Fig. 10. Measured optical pulse at output of EO modulators. The rectanglt
indicated in (a) is expanded in time in (b) to show rise/fall times.

shown in Fig. 12(a). Two orthogonally polarized antennas are _s
connected to the ports of a HP70820A transition analyzer. Thig@
aperture/active antenna is placed in the middle of the line-of g-10
sight between them, and the antennas are placed in the far fiel 3
The gain over the power transmitted through the aperture is me:  -15
sured for the active antenna for both T and R paths with the
amplifiers on and off. The gains of the PA and LNA are then
estimated within a 2-dB accuracy from the active antenna gai 25
and by using the Friis transmission fomula. The loss due to ag 10 1
perture efficiency of the antennas is 4.7 dB from the ratio of

the 0.25)3 effective area of the patch antenna to the O\25

area of unit cell and{1 dB) for 80% radiation efficiency. Other (b)

losses due to the via holes (1 dB) and the switch insertion loss ] o ) _ )
(0.34 dB) are taken into account,yielding gains of 14 and 16 . 12, Farfeld caracterzation fth acte anerna cement (o e tesing.
contributed by the PA and LNA, respectively. These gain levets receive mode (solid line) and transmit mode (dashed line).

are in agreement with the manufacturer’s specifications for the

MMICs. The gain in transmit and receive modes as a functign . . . i )
of frequency is shown in Fig. 12(b), and the bandwidth is di??urements are limited by edge diffraction and feed cross-polar

tated by the patch antenna bandwidth, whereas the switch itsze?ftlon quality.
is broadband. The isolation is measured to be 30 dB or more
for cases when the active antenna was in receive mode while
transmitting, the active antenna was in transmit mode while re-In this paper, we describe the design and demonstration of a

ceiving, and the active antenna was in the off state. These meih-speed optically controlled T/R active antenna. This active

~20

9____

1 102 103 104 105 106 107 108 109 11
Frequency (GHz)

V. DISCUSSION
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