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Abstract— We present a tightly coupled array antenna excited
by high-power photodiodes for millimeter wave transmit oper-
ation. The design includes thinned photodiode substrates for
improved bandwidth performance at high frequency combined
with the inherently lightweight, low-loss, and direct feeding archi-
tecture afforded by the photonic approach. Circuit and full wave
simulations are conducted for array design and compared against
the traditional electronic arrays in the literature. A prototype
1 × 3 photonic array is developed and characterized to validate
the design which achieves a 3 dB (VSWR < 1.4) radiated power
bandwidth of 4.6:1 across 13–60 GHz and maintains a 3 dB
bandwidth near 4:1 across scan angles up to 30◦. The fabricated
array exhibits a 3 dB radiated power bandwidth of 1.8:1 across
30–55 GHz and a maximum measured effective isotropic radiated
power of 19.4 dBm at 40 GHz.

Index Terms— High-power photodiode, optically fed phased
array, RF photonics, tightly coupled array (TCA) antenna,
ultrawideband (UWB).

I. INTRODUCTION

P
HASED array antennas are essential in the development

of advanced multifunctional RF systems that serve both

commercial and defense sectors. Emphasis in the defense

community is placed on the consolidation of RF front ends,

signal processing algorithms, and control centers with adaptive

subsystems effective for radar and communication [1], [2].

Consolidation of RF front ends with adaptive, multifunc-

tional capabilities requires phased arrays with multioctave

operational bandwidths, high transmit power and beam space

diversity, frequency agility, scaling potential, and optimal

size, weight, and power (SWaP). Similar requirements are of

interest in the commercial sector where these benefits can be

leveraged in the fifth-generation (5G) cellular communications

and mobile networks [3]. Generally, 5G encapsulates the mod-

ern trend to continually increase wireless data capacity. Specif-

ically, increasing data capacity ultimately requires increased
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signal-to-noise ratio and bandwidth. To address bandwidth,

signal carriers are shifting toward millimeter wave (mmW)

frequencies (30–300 GHz) where increased bandwidths are

attainable. For these mmW carriers, high-power phased arrays

are the preferred transmit aperture as highly directional beams

can compensate for increased free-space path loss [4] and

atmospheric losses [5] and enable spatial-spectral channels

for frequency reuse [6]. In addition to the highly directional

beams, multioctave operation can enable access to allocated

mmW spectrum at 24, 28, 37, 39, and 47 GHz [7] simul-

taneously, i.e., with a single RF front end. Much like the

requirements for defense architectures, these emerging 5G

mmW networks that employ dense picocell topologies demand

an emphasis on scaling potential and optimal SWaP in addition

to ultrawide bandwidth.

Bandwidth continues to motivate the antenna community as

creative practical implementations seek to approach theoretical

ideals. Radiating elements such as spirals, tapered slots, and

bowties have theoretically infinite bandwidths [8], with their

finite counterparts exhibiting bandwidths as high as 10:1 [9],

12:1 [10], and 21:1 [11], respectively, when tightly coupled.

This mutual, or tight, coupling between elemental radiators

is a design technique employed to extend the low-frequency

bandwidth of a, theoretically, frequency-independent current

sheet array (CSA) [12]. The CSA excites a uniform current

distribution that radiates bilaterally at broadside and exhibits

frequency-independent scanning performance [12], [13]. In

principle, this frequency independence is ideal and is closely

approximated by a connected array (CA): an electrically large

2-D array of electrically small connected dipoles [15]–[17].

In practice, CAs are the closest approximation to the CSA,

but their bilateral radiation is often undesirable. The tightly

coupled array (TCA) mitigates this bilateral radiation with

the inclusion of a ground plane at the expense of increased

frequency dependence. Such frequency dependence can be

balanced with mutual capacitive coupling [12], i.e., the TCA is

realized by an almost CA of dipoles with a backing reflector.

With the advent of the CSA, and the derivative CA and TCA,

the antenna bandwidth is governed by finite dipole geometries

and feed networks.

Considerable work has been done to develop the elec-

tronic feed networks commonly associated with ultrawideband

(UWB) arrays. Notably, most UWB elemental radiators, e.g.,

spirals, tapered slots, and bowties, operate under balanced

feeding, as unbalanced feeding produces unequal current mag-

nitudes along the dipole arms that manifest as an undesired

standing wave (resonance) between adjacent arrayed elements.
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Fig. 1. Transmitting RF photonic phased array system overview illustrating (a) from left to right, a two-laser optical beamforming network driving a 1-D
photonic TCA antenna, (b) ideal case for the array in this work with the unit cell indicated, and (c) top and side views of the unit cell in (b). Illustrations are
not to scale.

This detrimental effect typically occurs near midband and is

referred to as common mode resonance, drawing its name

from the inherent common mode feed currents present in coax-

ial transmission lines [18]. Several techniques are employed

for common mode suppression, including feed organizers

[19], shorting pins [20]–[23], and unbalanced to balanced

transformers, i.e., baluns [24]–[27]. The latter also serve as

matching networks that improve overall antenna bandwidth

but at the expense of cost, complexity, and increased SWaP.

In addition, electronic feed networks become increasingly

difficult to implement in multioctave phased arrays operating

at mmW frequencies due to bulky feed lines, narrowband

local oscillators, and mixers that constrain integration density,

increase SWaP, and are fundamentally limited by frequency-

dependent losses.

The limitations of electronic feed networks for mmW

phased arrays can be overcome by an alternative method

that uses optically fed photodiodes for array excitation. This

photonic approach capitalizes on balanced feeding provided

by photodiode sources and direct multioctave RF signal

generation provided by optical downconversion [28]–[32].

Fig. 1 illustrates the proposed RF photonic phased array

system: a TCA of dipoles with photodiode current sources

[Fig. 1(b) and (c)] functioning as the mmW transmitter and an

array of electrooptic phase modulators with laser diode sources

functioning as the optical beamforming network [Fig. 1(a)]

[30]. As shown, this system is designed for RF transmission,

but the RF photonic approach is not limited to transmitters,

e.g., a comparable photonic receiver would replace the down-

conversion process at the photodiodes with an upconversion

process using electrooptic modulators [6]. The trade-off for the

photonic approach requiring separate front-end architectures

for receive and transmit operation is in its inherent benefits,

namely with respect to loss and utility, e.g., using injection

seeding. The beamforming network in Fig. 1(a) is capable of

continuous, high-fidelity RF signal generation from 500 MHz

to >100 GHz [29], thereby making optical feeding suitable

for multifunctional RF systems, where operation spanning

several octaves is desirable. Furthermore, the optically gener-

ated RF signals experience propagation losses on the order of

<0.2 dB/km over optical fiber compared with >100 dB/km

for propagation over coaxial cable [33], [34]. Paired with

its lightweight, this low loss makes optical fiber suitable

for long-distance communication, as in “antenna remoting,”

where antenna apertures and signal processing architectures

are in different locations. In addition to broadband signal

generation and low loss, another advantage of using optics

to drive RF transmission is the relative bandwidth of any RF

signal that is modulated onto an optical signal. A 300-GHz

RF carrier constitutes 0.16% of an optical carrier at 1550 nm

(∼193 THz), thereby making optical channels suitable for RF

carriers in the mmW regime and beyond. Moreover, the all-

dielectric design of the optical fiber also provides a resistance

to electromagnetic interference as an inherent benefit of optical

feed networks.

The pairing of an optical feed with an UWB antenna

bypasses the fundamental limitations of electronic feeding and

places the bulk of the system limits on the performance of

transducers, such as photodiodes and electrooptic modulators,

and on their integration into the RF photonic system. Accord-

ingly, integration of high-power photodiodes with an UWB

transmitter and demonstration of mmW phased array operation

using an optical feed network are the focus of this work. Pre-

vious work introduces photonic CA antenna design [35] and

realizes a low-profile photonic CA exhibiting 4:1 bandwidth

with operational frequencies from 5 to 20 GHz [36]. This

CA design is then applied to a superstrate-enhanced TCA

exhibiting 6:1 bandwidth with operational frequencies from

3.5 to 21 GHz [37]. In this work, the established photonic TCA

design approach is implemented in a lower profile package and

tailored to support mmW operation upward of 60 GHz. To that

end, a direct bonding technique for photodiode integration with

the dipole array is also explored to provide insight toward

scalable integration solutions.

II. MMW PHOTONIC TCA DESIGN

A 1-D implementation of the ideal photonic TCA is illus-

trated in Fig. 1(b). As shown, the 1-D implementation is

defined by the placement of the active elements along a

single line. In addition, apart from photodiode current sources,

the ideal photonic TCA is identical to that of a traditional

electronic TCA—namely, a doubly infinite dipole array sus-

pended in free space and backed by a ground plane. Therefore,
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Fig. 2. Equivalent circuit models. (a) Electronic TCA. (b) Photonic TCA.

to model the photonic TCA, we begin by using theoretical

methods established for the electronic TCA.

A. Circuit Model

The equivalent circuit models for the electronic TCA and the

photonic TCA are shown in Fig. 2(a) and (b), respectively. For

the electronic TCA, the ground plane is modeled as a short-

circuited transmission line, i.e., a “shorted stub,” that adds a

reactance

Z e
gp = jη0tan

(

βhgp

)

(1)

where η0 is the impedance of free space, β is the spatial

frequency 2π/λ, and hgp is the ground plane height, i.e., the

distance between the ground plane and the dipole array.

However, as shown in Fig. 1(c), the photonic TCA in this work

includes the substrate of the photodiode directly integrated to

the dipole array and between the dipole array and the ground

plane. As shown in Fig. 2(b), the reactance contributed by

the photodiode substrate is accounted for with an additional

transmission line segment. Assuming a lossless photodiode

substrate, the ground plane reactance for the photonic TCA

then becomes

Z p
gp = ηpd

Z e
gp + jηpd tan

(

βpdh pd

)

ηpd + j Z e
gptan

(

βpdh pd

) (2)

where ηpd is the impedance of the photodiode substrate mater-

ial, βpd is the spatial frequency inside the photodiode substrate

material, and h pd is the height, i.e., thickness of the photodiode

substrate. The impedance looking toward the superstrate, i.e.,

Z1, is determined in a similar fashion, assuming lossless

lines and transmission lines in series. Once Z1 and Zgp are

determined, these impedance values are placed in parallel

with each other and with the reactance values contributed

by the antenna [12]. For the electronic TCA, the total input

impedance is [38]

Z e
in =

(

Z1||Z e
gp + j Xdipole

)

|| j X f eed (3)

where Xdipole is the reactance contributed by the dipole arms

and X f eed is the reactance contributed by the separation

between the dipole arms at their feed points. Like the addition

of the photodiode substrate to (1) to find (2), the total

input impedance of the photonic TCA includes the reactance

contributed by the photodiode source. As shown in Fig. 2(b),

the reactance contributed by the photodiode is accounted for

with an additional reactance in parallel with the dipole array,

TABLE I

SIMULATION PARAMETERS AND VALUES

i.e., between the dipole feed points, and results in a total input

impedance

Z
p

in =
(

Z1||Z p
gp + j Xdipole

)

|| j X f eed || j X pd (4)

where X pd is the reactance contributed by the photodiode.

B. 3-D Model

A 3-D full-wave electromagnetic analysis using Ansys

High-Frequency Structure Simulator (HFSS) is achieved in

conjunction with the circuit model in Fig. 2(b). By grouping

the right side of (4) into a single term, it can be rewritten as

Z
p

in = Za|| j X pd (5)

where Za is the antenna impedance. Assuming the antenna

and the photodiode impedances may be considered separately,

the unit cell architecture is modeled in HFSS using periodic

boundary conditions (PBCs) in the plane of the array, an infi-

nite perfect electric conductor (PEC) at the ground plane,

and a radiation boundary condition (RBC) in the direction

of the superstrate. To simulate the photodiode current sources,

terminal excitation is used with a lumped port between the

dipole feed points. Fig. 3 shows the HFSS unit cell that

was simulated with boundary conditions, port excitation, and

simulation parameter definitions indicated. The corresponding

simulation parameter values are given in Table I. Fig. 3(a) also

includes an overlay of the circuit representation from Fig. 2(b).

Using the unit cell, the complex antenna impedance is deter-

mined in HFSS. Once the antenna impedance is known, the

photodiode impedance is considered. To simplify the analysis,

the photodiode impedance is assumed to be a function of its

junction capacitance only, i.e., it has a reactance given by

X pd =
1

jωC j

(6)



CAREY et al.: mmW PHOTONIC TCA 4491

Fig. 3. HFSS unit cell. (a) Perspective view and (b) top view showing
boundary conditions, lumped port, and device geometry corresponding to
simulation parameters given in Table I. Also illustrated in (a) is an overlay
of the equivalent circuit from Fig. 2(b).

where C j is the junction capacitance; the junction capacitance

used here is 47 pF [39]. With the impedance of the photodiode,

the total input impedance is determined.

The simulated reactance of the photodiode (dotted), X pd ,

the antenna (black), Xa , and the total input impedance of the

photonic TCA (blue), X in , using (5) and (6) and the values in

Table I are all shown in Fig. 4(a). As shown, the gap between

dipole arms flattens both the antenna response and the overall

input impedance at “low” frequency (near 15 GHz). At “high”

frequency, the antenna becomes increasingly inductive as it

approaches the natural frequency of its dipoles (near 65 GHz),

but the overall input impedance is flattened by the photodi-

ode capacitance as it approaches its RC-limited bandwidth.

Fig. 4(b) also shows the calculated ground plane impedances

using (1) and (2) and an effective photodiode height of

h pd ∗
(

wpd/ lx,y

)

. As shown, the presence of the high-dielectric

photodiode substrate has a significant impact on the impedance

of the ground plane. With the photodiode substrate considered,

the desired inductive behavior below midband and capacitive

behavior above midband is achieved, i.e., the effective ground

plane height is near λmid/4, a common design approach for

broadband planar dipole arrays [12], [40]. The idea behind

this design approach is based upon the typical features of a

TCA; namely, the low-frequency capacitance introduced by

mutual coupling and the high-frequency inductance provided

by dipole radiators. Bandwidth is maximized by designing the

inductive and capacitive regions of the key components, e.g.,

the ground plane and the photodiode, to coincide with the

capacitive coupling and dipole inductance, respectively. These

effects are illustrated in Fig. 4(a).

Once the impedance of the system is determined, the output

power must be determined. Using Fig. 1 and ignoring phase

shifts due to mechanical and thermal fluctuations in the

optical fibers, phase shifts due to the phase modulators, and

losses or gains incurred along the fiber feed network, and

assuming pure sinusoidal optical sources, the total optical field

incident on the photodiode is given by [30], [31]

Einc =
√

2

2

[

E1e j(ω1t+β1l)+E2e j(ω2t+β2l)
]

(7)

where E1 and E2 are the optical field peak amplitudes corre-

sponding to ω1 and ω2, respectively, β1 and β2 are the spatial

frequencies in the optical fiber corresponding to ω1 and ω2,

respectively, and l is the length of the optical fibers (assuming

equal lengths for ω1 and ω2). The factor of
√

2/2 is due to

the fields undergoing 45◦ polarization rotation and subsequent

linear polarization filtering. The photodiode generates an alter-

nating photocurrent proportional to the incident optical power,

i.e., proportional to the square of the modulus of the incident

field in (7), as

Ipd = <H Popt ∝ <H
|Einc|2

2η
(8)

where η is the wave impedance, < is the responsivity of

the photodiode under single-laser illumination, Popt is the

incident optical power, and H is the frequency response of the

photogenerated current. This photocurrent frequency response

is approximated as [41]

H ∼=
1 − e jωτ

jωτ
(9)

where τ is the transit time of the carriers traversing the

junction. This approximation can be understood as a phase

delay among photogenerated carriers under the assumptions of

uniform illumination, 100% internal quantum efficiency, and

constant carrier velocity. These assumptions allow the use of a

constant for the transit time in (9); the transit time used here is

5 ps [39]. Expanding the squared modulus of (7) in (8) gives

Ipd ∝
<H

4η
×

[

E2
1 + E2

2 + 2E1 E2cos
(

ωr f t + φr f

)]

(10)

where ωr f = ω2 − ω1 and φr f = l(β2 − β1). Since this

photocurrent is driving an antenna, the dc terms are inherently

filtered out, and the photocurrent at the antenna is

Ir f ∝
<H E1E2

2η
cos

(

ωr f t + φr f

)

. (11)

The time-averaged output power across the load, i.e.,

the antenna, will follow this photocurrent as:

Pout = h|Ir f |2iR
p

in (12)

where R
p

in is the total input resistance, i.e., the real part of Z
p

in

in (5).

It is convenient to express the output power as a function of

the average (dc) photocurrent rather than the alternating (RF)

photocurrent, as the dc photocurrent is readily measured. From

(10), the dc photocurrent is

Idc ∝
<
4η

(

E2
1 + E2

2

)

. (13)

Taking the ratio of the time-averaged squared RF photocurrent

and the squared direct photocurrent gives

h|Ir f |2i
I 2
dc

=
1

2

[

2H E1 E2
(

E2
1 + E2

2

)

]2

. (14)

Using (14) to rewrite (12) gives

Pout =
1

2
H2m2 I 2

dc R
p

in (15)
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Fig. 4. Simulated frequency response for (a) photodiode, antenna, and input reactance using (5) both with and without a coupling gap; (b) ground plane
impedances both with and without photodiode substrate using (1) and (2), respectively; and (c) output RF power using (17) with 20 mA average photocurrent
and total input resistance using (5).

where m is the modulation depth and is defined here as

2E1 E2/
(

E2
1 + E2

2

)

. From here, the dc photocurrent and the

photodiode frequency response are commonly grouped into

a single term that approximately describes the photocurrent

present across the load as [39], [41]

ia = Idc H. (16)

Substituting (16) in (15) gives the final simplified expression

for the output RF power of the antenna

Pout =
1

2
m2|ia|2 R

p

in . (17)

The output RF power is an important result for our photonic

antenna, as we do not have access to a reflection coeffi-

cient measurement, commonly known as S11 in traditional

electronic antenna design and characterization. To that end,

radiated output power will be the primary simulated and

measured quantity and compared against a “50 � ideal” that

assumes a perfectly matched load to the antenna, i.e., R
p

in =
50 �, and a frequency-independent photodiode response, i.e.,

H = 1.

Using (16) and (17), the unit cell in Fig. 3, the values in

Table I, 20 mA dc photocurrent, and single port excitation,

the output RF power of the photonic TCA is shown in

Fig. 4(c) both with and without a coupling gap, in order

to provide a direct comparison to the impedances shown

in Fig. 4(a). As expected, the output power shorts to the

ground plane at low frequency, shorts through the photodiode

at high frequency, and peaks at midband due to quarter-

wave transformation in the superstrate. For more information

on superstrate enhancement, the reader is directed toward

[11], [12], [37]. In Fig. 4(c), the balancing effect, previously

discussed, between the coupling gap and the ground plane is

also apparent in the output power.

C. Photonic Design Considerations

The peak in output power within our band of interest is

not commonly considered detrimental to traditional electronic

antennas but is undesirable for photonic antennas due to

the saturation behavior of photodiode current sources. For

example, photodiodes under small-signal sinusoidal operation

can avoid saturation effects by maintaining a minimum bias

condition [42], [43]

Vmin ≤ −Vt −
Idc

α
(1 + m) − m Idc RL (18)

where Vmin is the minimum applied reverse bias voltage, Vt

is the photodiode “turn-on” voltage, α is an observed quantity

that describes space charge screening within the photodiode

junction, m is the modulation depth of the signal driving the

photodiode, and RL is the load resistance. Assuming negligible

space charge effects, a constant turn-on voltage, and 100%

modulation depth, the minimum bias condition becomes a

function of dc photocurrent and load resistance. With respect

to our antenna, this means that the minimum bias condition of

the photodiode will vary with R
p

in . Since the output power of

the antenna follows R
p

in , as in (17), and as shown in Fig. 4(c),

the minimum bias condition of the photodiode will also vary

with antenna output power. In an attempt to ensure that the

efficiency of the antenna and photodiode remain decoupled

across the band of interest, we later define a 3 dB variation

in radiated power as our bandwidth metric, contrasting the

traditional figure of merit employing a maximum voltage

standing wave ratio (VSWR).

The biasing requirements are unique to the photonic TCA

as they are required to maintain photodiode linearity with

high levels of photocurrent where increases in optical to

electrical conversion efficiency and power output have been

demonstrated [44]–[47]. With respect to our antenna, this

means that the bias lines must be included in the antenna

design. Shown in Fig. 3, the bias lines are integrated along

the dipole arms. The primary design challenge introduced by

the bias lines is preventing induced scan blindness, which can

be understood as a destructive resonance that occurs as the

effective length of the bias lines approach λ/2, i.e., they will

be resonant at wavelengths defined by

λres =
2lbias

√
εe f f

cos(θ||)
(19)

where lbias is the physical length of the lines between neigh-

boring dipoles, εef f is the effective permittivity accounting for

proximal dielectric media, and θ|| is the scan angle in the plane

of the bias lines. Bias line resonance can be avoided or pushed

out of band by careful design of εe f f or lbias . The former is

heavily influenced by the antenna and photodiode substrates,

while the latter is primarily a function of the array sampling.
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The array sampling is set by the highest operating frequency

to be equal to or less than λmin/2 [40]. For operation up to

60 GHz, the maximum element spacing is 2.5 mm. However,

as in (19), the dipole elements will be electrically length-

ened by εe f f and require oversampling to achieve the high-

frequency response their physical length alone would provide.

Though oversampling is a solution, it is often undesirable as

it increases element count without increasing antenna gain.

Oversampling at 0.75λmin/2 was found to be minimal while

maintaining the desired antenna bandwidth.

To complement oversampling, which decreases physical

lengths like lbias directly, effective lengths can also be min-

imized by decreasing εe f f , as shown in (19). Since εef f is

governed mostly by the antenna and photodiode substrates,

their respective materials and dimensions play a central role

in the design space. The antenna substrate is aluminum nitride

(AlN) and the photodiode substrate is indium phosphide (InP).

These two materials are not conventionally “good” antenna

materials due to their high electrical susceptibilities, e.g.,

permittivity values of approximately 8.8 and 12.4, respectively,

but they are well-known photonic materials. Specifically, InP

is used in the photodiode epitaxy and as the photodiode

substrate [39], and AlN functions as the photodiode heat sink

[48]. In previous work, 1 mm square photodiode chips with

thicknesses of 0.65 mm were individually bonded to coplanar

waveguides, epoxied to the antenna substrate near the dipoles,

and wire bonded to the dipole feeds [35]–[37]. Due to the

relatively small volume occupied by the photodiodes, and their

placement away from the dipoles, InP substrate thicknesses

were inconsequential; however, the optimal tradeoff between

bandwidth and fabrication complexity for the AlN substrate

thickness was found to be 0.25 mm [37]. For this work, the

AlN antenna substrate thickness is kept at 0.25 mm, but the

InP photodiode substrates are thinned from 0.65 to 0.22 mm to

accommodate their increased volume and proximity to dipole

elements. The effect of the photodiode substrate thickness on

the frequency response of the array is shown in Fig. 5 for

thicknesses of 0.10, 0.30, and 0.65 mm and scan angles of 0◦,

15◦, 30◦, and 45◦. As shown, the output power using the

original thickness of 0.65 mm fails to remain inside a 3 dB

power variation that defines the bandwidth of our photonic

antenna both at broadside radiation and at scanning angles of

30◦. Also evident from Fig. 5 is that any thickness between

0.10 and 0.30 mm is sufficient to scan angles of 30◦; this

range of values determined the fabrication tolerance during

the photodiode substrate thinning process, to be discussed in

Section III, and led to the final thickness of 0.22 mm given

in Table I.

D. Simulated Antenna Result

The simulated photonic TCA frequency response and array

responses using the unit cell in Fig. 3 and the values in Table I

are shown in Fig. 6(a)–(c). Fig. 6(a) shows the frequency

response with 20 mA dc photocurrent and single port excita-

tion in the E-plane (top) and H-plane (bottom) for scan angles

of 0◦, 15◦, 30◦, and 45◦. The changes in output RF power

with scan angle can be likened to the effective shortening of

the array geometry in the E-plane and the effective lengthening

of the array geometry in the H-plane, i.e., the input impedance

of the array at each frequency varies as in (5) where Za varies

with scan angle as [14], [17]

Za(θ) = Za(0)

[

dx

dy

cos(θ)

1 − sin2(θ)sin2(ϕ)

]

(20)

where θ is the scan angle, dx/dy = cos(θ), and ϕ = 0◦

and 90◦ for E- and H-plane scanning, respectively. As shown

in Fig. 6(a), the proposed design achieves a 3 dB radiated

power bandwidth of 4.6:1 across 13–60 GHz at broadside.

To improve broadside bandwidth upward of 6:1, further opti-

mization of εef f would yield promising results, e.g., using

a thinner AlN antenna substrate, at the expense of fabri-

cation complexity, or substituting AlN with a lower dielec-

tric Rogers or diamond substrate, at the expense of lower

power handling and cost, respectively. Away from broadside,

the design maintains a 3 dB radiated power bandwidth near

4:1 out to 30◦ scanning in the E- and H-plane, i.e., the

plane perpendicular and parallel with the photodiode bias

lines, respectively. Comparing the response of the array in the

E-plane to the response in the H-plane, the effect of the bias

lines is clear; since the H-plane is in the plane of the bias lines,

their effective lengths become lengthened by θ|| as indicated

in (19). As a result, a blue-shifted destructive resonance can

be seen with increasing scan angle.

Comparing the broadside and scanning performance of the

proposed mmW photonic TCA design with its electronic

counterparts reported in literature, it is important to distinguish

between the contrasting figures of merit. The 3 dB bandwidth

metric used here is comparable to a VSWR < 1.4, while the

state-of-the-art bandwidths reported for traditional electronic

arrays are against VSWRs of <2 and commonly <3 that are

equivalent to power variations of 6 and 9.5 dB, respectively.

Considering a 6 dB variation, the proposed array approaches

6:1 bandwidth at broadside and maintains 4.5:1 bandwidth out

to 30◦ scan angles in both planes; to the best of our knowledge,

these are the highest broadside and scanning bandwidths

reported for an antenna array operating at these frequencies

[23], [49]–[51].

The simulated photonic TCA array behavior using multiple

ports and perfectly matched loads is shown in Fig. 6(b) and

(c). Fig. 6(b) shows the simulated directivity for a 1 × 9 array

operating at 60 GHz in the E-plane (top) and H-plane (bottom)

for scan angles of 0◦, 15◦, 30◦, and 45◦. As shown, beam

steering occurs in the E-plane, and the response varies with

scan angle, reflecting the influence of impedance variations

as expected. Fig. 6(c) shows the simulated directivity as a

function of frequency (top) and element count (bottom). The

frequency comparisons are for a 1×9 array operating at 20, 40,

and 60 GHz, and the element count comparisons are for 1×1,

1 × 3, and 1 × 9 arrays operating at 60 GHz. Since the array

includes an infinite ground plane, the E- and H-plane patterns

are shown on the same plot but offset by 180◦. As shown,

the simulated array exhibits beam narrowing and increasing

peak directivity with increasing frequency and element count,

as expected. The simulated peak directivities for the curves

in Fig. 6(c) are also given in Table II.
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Fig. 5. Simulated frequency response as a function of photodiode substrate height, h P D . The 50 � ideal is 10 dBm.

Fig. 6. Design results. (a) Frequency response for various scan angles in the E-plane (top) and H-plane (bottom). (b) Directivity of 1 × 9 array for various
scan angles in the E-plane (top) and H-plane (bottom) for 60 GHz operation. (c) E-plane (solid line) and H-plane (dotted line) radiation patterns (dB) as a
function of frequency for a 1 × 9 array (top) and as a function of element count for 60 GHz operation (bottom).

TABLE II

SIMULATED PEAK DIRECTIVITIES

III. ARRAY FABRICATION

The proposed design from Section II is the ideal, infinite

antenna, i.e., the planar structure was assumed infinite in extent

with port excitations ranging from 1 to 9 to simulate the ideal

array response. A finite antenna structure is required for imple-

mentation. The proposed finite photonic TCA is illustrated in

Fig. 7. As shown in Fig. 7(a), the finite design includes a

1×4 array of photodiode sources integrated on a 9×12 array

of dipoles with surface mount resistor terminations. It was

found in previous work that these termination resistors assisted

in the frequency response of the finite array by “spreading

out” the current distribution such that an array with resistors

approximated an infinite array better than an array without

resistors [52]. The finite design also includes the layout for the

photodiode bias control. The bias lines terminate at the bottom

of the array and are truncated above their corresponding

photodiode sources such that they do not supply current to the

neighboring termination resistors. Also shown in Fig. 7(a) is a

back view [top right of Fig. 7(a)] highlighting the perforated

ground plane required for illuminating the photodiodes. The

side view in Fig. 7(b) illustrates the ground plane, optical

input, and RF output. The optical inputs are aligned to the

photodiodes through the ground plane, the photodiodes excite

a current distribution across the dipole array, and that current

then preferentially radiates through the superstrate and into

free space.

To implement the proposed finite design, the array fabri-

cation addressed several key objectives: forming the dipole

array and bias network; thinning the photodiode substrates and

bonding them to their dipole feeds; and optically feeding the

photodiodes within the physical design space set by the array

sampling. These objectives are divided into the following three
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Fig. 7. Finite photonic TCA overview. (a) Top view of proposed design illustrating 1-D array of photodiode current sources, 1-D photodiode bias control,
termination resistors, and perforated ground plane. (b) Side view illustrating the cross section at the magnifying glass indicator in (a). Illustrations are not to
scale.

sections: antenna substrate preparation, photodiode integration,

and optical alignment and packaging.

A. Antenna Substrate Preparation

The antenna dipole array consists of a 9 × 12 array of gold

(Au) bowtie radiators on a 57 mm square AlN substrate, from

MARUWA America Corp., with a thickness of 0.25 mm and

was electroplated with standard microfabrication techniques.

After substrate cleaning with a 3:1 sulfuric acid to hydrogen

peroxide (piranha) mixture, RF sputtering was used to deposit

a 4 nm titanium adhesion layer followed by a 100 nm Au seed

layer for electrodeposition. Photoresist was spin deposited,

exposed, and developed for array pattern transfer. Following

subsequent cleaning with an oxygen plasma, the array pat-

tern was electroplated in TechniGold 25 ES RTU solution

to a thickness of approximately 4 µm. After electroplating,

the resist, seed, and adhesion layers were removed iteratively

in piranha (resist removal), iodine-based Au etchant (seed

removal), and piranha (adhesion removal).

Included in the electroplated antenna pattern are the bias

lines that terminate to a standard 24 pin ribbon connector.

After electroplating, the ribbon connector was epoxied to

the substrate for structural support and wire bonded to the

corresponding terminations. This ribbon connector allows for

a simple printed circuit board (PCB) to RS232 network for

bias control and dc photocurrent measurement.

B. Photodiode Integration

The photodiodes used to drive the antenna are CC-MUTC

photodiodes designed by the University of Virginia for high

power and high linearity up to 65 GHz [39]. Mentioned

previously, the array performance is limited above midband by

the frequency response of the photodiode and the natural fre-

quency of its dipole elements. To extend this natural frequency

without extensive oversampling, the effective permittivity is

lowered by decreasing the thickness of proximal dielectric

media, i.e., by thinning the photodiode substrates.

Mechanical lapping and polishing were used to thin the

photodiode substrates from approximately 0.65 to 0.22 mm.

A series of water-based alumina slurries with particle diame-

ters ranging from 20 to 3 µm were used on a steel platen to

remove the first 0.4 mm. The final 0.03 mm was removed with

a 3 µm water-based diamond suspension on a felt pad. Once

thinned, the photodiode substrates were polished further with

0.1 and 0.06 µm silica suspensions to attain optical finishes

for improved antireflection response during illumination [53].

Thinning the photodiode substrate compensates for their

increased influence on the effective permittivity and enables

the bonding approach investigated in this work. This approach

is not ideal, i.e., wafer scale, but is a practical first step

when considering 1-D array implementation. Accordingly, a

1-D array of photodiode sources was integrated by sequential

flip-chip bonding, as shown in Fig. 8(a). Flip-chip bonding

achieves placement tolerances <1 µm, as is required to ensure

accurate alignments between photodiode contacts and dipole

feeds. Infrared images of actual bonds between photodiode

chips and their dipole feeds are shown in Fig. 8(b) and (c). The

bond was formed using ultrasound assisted Au–Au thermo-

compression bonding at 300 ◦C with a 400 g bond load and

60 s of bond time. After bonding, adjacent inactive dipoles

in the vicinity of the active photodiodes were terminated with
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Fig. 8. 1-D photodiode integration. (a) White light image showing in situ

bonding of photodiode to electroplated dipole array. (b) and (c) Infrared
images showing accurate bonds of photodiodes to dipole feeds.

resistors to improve the finite effects on current distribution,

as shown in Fig. 7 [37], [52]. Although 50 � resistors are

approximately ideal, as shown by the total input resistance

of the array in Fig. 4(c), a combination of 100 and 200 �

resistors were used as they were readily available; this resistor

combination is included in the finite simulation result and is

expected to have a marginal effect on the array behavior.

With four adjacent photodiodes successfully integrated onto

the antenna substrate, the ground plane was added. As indi-

cated by (1)–(5), the spacing between the ground plane and the

dipole array is critical for maintaining the intended frequency

response of the antenna. To ensure accurate ground plane

height, a 3-D printed ABS-like polymer spacer was used

with a thickness of 1.1 mm. The spacer was adhered to the

antenna substrate and the ground plane was epoxied atop

the spacer. A machined copper ground plane was used with

perforations of 0.4 mm radii and 1.87 mm periodicity. Once a

rough alignment was achieved using a white light microscope,

as shown in Fig. 9(a) and (b), the photodiodes were excited

on an optical alignment stage, one-by-one, while monitoring

the output dc photocurrent via the bias network. Using the dc

photocurrent, the ground plane position was adjusted until all

four photodiodes were responsive.

C. Optical Alignment and Packaging

The active photodiode sources were excited through the

perforated ground plane by optical fibers terminated with

gradient-index (GRIN) lenses and right-angle prisms. Each

channel was aligned on an optical alignment stage, like the

process for aligning the ground plane, where the dc pho-

tocurrent was monitored via the bias network. Based on input

optical power and output dc photocurrent, the responsivity of

each photodiode was determined in amperes per watt (A/W)

with a target responsivity of approximately 0.23 A/W, i.e., 50%

of the reported maximum [39]. This integration technique of

exciting the photodiodes at half responsivity serves to improve

their power handling and longevities due to a more uniform

distribution of generated carriers across the junction at the

Fig. 9. White light images of ground plane integration and optical alignment.
(a) and (b) Rough alignment of ground plane to photodiode and dipole, where
the blurry brown outline is the actual, out of focus, ground plane. (c) In situ

curing of the optical assembly for the second aligned channel.

Fig. 10. Side view of signal flow through unit cell from fiber input to array
output. Left inset: comparison of optical component dimensions with unit cell
dimensions. Right inset: perspective view of 1 × 3 array implementation.

expense of decreased optical to electrical power conversion

efficiency (PCE). Once a responsivity near target was reached,

the optical assemblies were secured using UV curable Norland

Optical Adhesive 61, as shown in Fig. 9(c). Also shown in

Fig. 9(c) is a weaving technique that was implemented to

accommodate the use of commercially available optical com-

ponents, thereby avoiding additional complexities associated

with custom lens design. Initially, the use of commercial

components was prohibited by the array spacing in the antenna

design, e.g., the array spacing is 1.87 mm and the diameter

of the lens assemblies is 2.8 mm. However, by alternating the

input directions, i.e., “weaving,” the integration became limited

by the widths of the prisms, which were diced to widths

of 1.0 mm. Fig. 10 shows the optical components integrated

with the unit cell from Fig. 3. As shown, dicing the prisms

and weaving the optical feeds provided an integration solution

within the design space of the antenna that also used off-the-

shelf optical components.

During optical alignment, it was determined that one of

the photodiodes had lost its electrical connection with its

dipole. The temperature cycling during the flip-chip bonding
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Fig. 11. Integrated and packaged mmW photonic TCA. (a) Top and (b) side
views showing dimensions of 24.2 (L) × 16.8 (W) × 2.42 (H) cm.

and flexing of the thin (0.25 mm) substrate was suspected to be

the cause of failure, but the remaining three channels did not

fail after being subjected to the same processing. Therefore,

it is likely that the failure was due to a weak flip-chip bond that

was more susceptible to failure than the others, given the same

mechanical stresses. Losses of channels due to the failure of

a flip-chip bond is undesirable and reflects a drawback to this

integration method. For future implementations, monolithic

integration should be considered. Despite the loss of a channel,

a 1 × 3 array remained.

With the remaining three channels optically aligned,

the TCA substrate, bias network, ground plane, and optical

assembly were packaged inside a 3-D printed housing with the

addition of a 1.50 mm polytetrafluoroethylene (PTFE) super-

strate. The completed antenna integration is shown in Fig. 11.

As shown, the use of right-angle prisms provided a low-

profile design. Given a midband wavelength of 8.56 mm,

the unpackaged height of the array was <0.8λmid and the

packaged height was <3λmid . After packaging, the average

responsivity was 0.16 ± 0.04 A/W with values ranging from

0.12 to 0.18 A/W, as given in Table III. As given, the respon-

sivities decreased from approximately 0.23 to 0.16 A/W during

the curing process—a 30% loss. This loss is undesirable as it

increases the optical power budget and reflects a drawback

to this integration method. For future implementations, on-

chip waveguide feeds or optical fiber lenslet arrays should be

considered [54]–[56].

IV. ANTENNA CHARACTERIZATION

To generate an RF signal, the photodiodes require an optical

difference signal, e.g., two lasers with frequencies separated

by an amount equal to the target RF drive frequency. This is

TABLE III

MEASURED CHANNEL RESPONSIVITIES AFTER PACKAGING

commonly referred to as “optical heterodyning,” an approach

that is prevalent in photodiode characterization [39], [48],

[57]. This heterodyning approach has been coupled with

sideband injection locked lasers to provide a low phase noise,

broadly tunable optical source capable of generating the high-

frequency, high-purity RF signals desired for beamforming

with a mmW TCA [29]. In addition to the RF frequency,

the phase shifts between active elements are also implemented

optically, as illustrated in Fig. 1. For brevity, the details of this

photonic phase feed network are omitted but can be found in

[29], [30], and [36].

The antenna characterization setup is illustrated

in Fig. 12 using the beamforming network in Fig. 1. Although

the beamforming network illustrated omits the injection

locking approach in the actual beamforming network used to

drive the array, it clearly illustrates the detection method of

our photonic receiver. As shown, a standard gain horn antenna

(SGHA) was used to receive the RF signal transmitted from

the device under test (DUT) – the 1×3 fabricated RF photonic

TCA. Once the signal from the DUT is received, it undergoes

an electrooptical upconversion/downconversion process using

the optical carriers from the beamforming network that were

used to define the transmitted RF signal. In the beamforming

network, the RF signal is shifted by an intermediate frequency

(IF) which defines the ideal transmitted signal frequency as

ωr f = ω2 −
(

ω1 + ωi f

)

(21)

where ωr f is the radial frequency transmitted by the DUT,

ω1 and ω2 are the radial frequencies emitted from the laser

diode sources, and ωi f is the radial frequency of the IF

introduced by the QPSK modulator. Upon reception by an

SGHA, the RF signal is amplified by an UWB low noise

amplifier (LNA) and upconverted by a null-biased MZM with

an optical carrier from the laser diode source emitting ω2.

This upconversion process yields sidebands of around ω2 that

are offset in frequency by ωr f and proportional in magnitude

to the received signal multiplied by a constant that describes

the gain of the SGHA, the gain of the UWB RF LNA, and

the efficiency of the upconversion process through the MZM.

After upconversion, the received signal is combined with the

optical carrier from the laser diode source emitting ω1 and

mixed on a “low”-frequency photodiode. Ignoring higher order

mixing terms, the following frequency components are created
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Fig. 12. Transmitting RF photonic TCA characterization overview, from left to right: beamforming illustration from Fig. 1 with the addition of a QPSK
modulator and an updated transmitter layout to reflect the DUT; UWB RF photonic receiver comprised of an SGHA (swappable) and an electrooptical
upconversion/downconversion process to mix the received RF signal down to an IF signal that is then measured with a power meter. Illustrations are not to
scale.

during downconversion at the IF photodiode:

ωs1 = ω2 − ω1 − ωr f = ωi f , (22)

ωs2 = ω2 − ω1 = ωr f + ωi f , (23)

ωs3 = ω2 − ω1 + ωr f = 2ωr f − ωi f , (24)

ωa1 = ω2 + ω1 − ωr f = 2ω1 + ωi f , (25)

ωa2 = ω2 + ω1, (26)

ωa3 = ω2 + ω1 + ωr f = 2ω2 − ωi f (27)

where ωs1, ωs2, and ωs3 are the frequencies due to the

subtraction of ω1 from the upconverted signal, and ωa1, ωa2,

and ωa3 are the frequencies due to the addition of ω1 to

the upconverted signal. Although there are six fundamental

components in the frequency spectrum following the down-

conversion at the photodiode, the IF is designed such that the

photodiode conversion efficiency for (23)–(27) is prohibitive,

i.e., the signals present at these frequencies may be considered

negligible. Fig. 12 illustrates the approximate frequency spec-

trum before and after downconversion. After downconversion,

the signal is amplified and yields a signal that is centered

at the IF and proportional in magnitude to the received signal

multiplied by a constant that describes the gain of the photonic

receiver, which includes the gain of the SGHA, the gain of

the LNA, the conversion efficiency of the upconversion and

downconversion processes, and the gain of the IF LNA. This

magnitude is then detected with a power meter and used to

characterize the performance of the DUT at various operating

frequencies across the band of interest.

Since the operational frequencies of the array encompass

multiple communication bands, measurements were taken to

accommodate the bandwidths of available SGHAs. These

banded measurements included the frequency ranges 12–18,

26–40, and 40–60 GHz. At each measurement frequency,

the SGHA was placed in the far-field of the DUT, at a distance

of approximately 1.524 m, and the output power from the array

was determined using Friis’ transmission formula [4]

Pt x = Pr x − Gr x − G t x + F S P L (28)

where Pt x is the power transmitted, Pr x is the power received,

Gr x is the gain of the photonic receiver illustrated in

Fig. 12 and described previously, G t x is the gain of the trans-

mitter (DUT), and F S P L is the free-space path loss. At each

frequency, F S P L was determined by the distance between the

transmitter and receiver [40], G t x was determined by HFSS

using the unit cell in Fig. 3 and the values in Table I with

1 × 3 port excitations, and Gr x was determined by calibration

measurements using the substitution method: received power

was measured from a transmitting SGHA driven by a signal

generator at each frequency and then used to normalize the

data measured with the DUT in place of the reference SGHA.

The measured frequency response of DUT at 5 mA dc

photocurrent per channel (15 mA total) and an applied reverse

bias voltage of 3 V per channel from 10 to 60 GHz is

shown in Fig. 13(a). As shown, measured data matches well to

simulation with an outlier at 60 GHz. Since the discrepancy

at 60 GHz is isolated and above midband, it was likely a

result of one or more of the following: poor injection locking,

measurement uncertainty in the receiver power table that

determined the receiver gain, and optical to electrical PCE

degradation among the photodiodes due to capacitive or transit

time roll-off [45], [58]–[60]. This roll-off was included in the

simulation using junction capacitance and transit times for

similar photodiodes [39], but these values were not measured

directly. Further insight into the behavior of the finite array

can be gained by inspecting its input impedance, shown

in Fig. 13(b). As shown, the simulated finite array exhibits

resonance near 12, 18, and 22 GHz. This resonant behavior

was reflected in measured data at 12 and 18 GHz, and the

response at 22 GHz was not measured. The resonances seen at

12 and 18 GHz are believed to be the result of the finite extent

of the antenna, i.e., a half wavelength at 12 and 18 GHz is

comparable to the physical length of the dipole array (approx-

imately 17 mm) and the physical length of the photodiode

array (approximately 9 mm), respectively, when considering

proximal dielectric effects. Various other differences in the

frequency responses shown in Fig. 6(a) for the infinite array
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Fig. 13. Frequency response of fabricated array with 5 mA dc photocurrent
per channel. (a) Measured (pentagrams) and simulated (lines) output RF
power. (b) Corresponding simulated impedance for the finite array with the
response shown in (a).

and Fig. 13 for the fabricated array can be attributed to finite

channel count as well as finite aperture effects, e.g., PBCs were

applied to the unit cell shown in Fig. 3 to give the responses

shown in Fig. 6(a), while perfectly matched layer (PML)

boundaries were applied to a truncation of the fabricated

structure shown in Fig. 7 to simulate the responses shown

in Fig. 13. In addition, a single photodiode source generating

20 mA dc photocurrent gave the simulated responses shown in

Fig. 6(a), while three photodiode sources generating 5 mA dc

photocurrent each gave the simulated responses in Fig. 13. As

such, the ideal output RF power is reduced for the simulated

fabricated array (2.73 dBm) versus the simulated infinite

array (10 dBm) due to reduced photocurrent. Despite its low

photocurrent and finite size and channel count, the fabricated

array exhibited a measured 3 dB (VSWR < 1.4) radiated

power bandwidth of 1.8:1 across 30–55 GHz with a measured

output RF power of 2 dBm at 40 GHz (midband).

Radiation behavior was evaluated by physically rotating the

array in the E-plane using a rotation stage while keeping the

SGHA receiver position constant. The normalized measured

radiation patterns at 30, 40, and 55 GHz from −85◦ to +85◦

are shown in Fig. 14. As shown, measured data matches well

to simulation with the exception of finite aperture effects,

e.g., the finite extent of the ground plane, resulting in beam

shape deformation and the early onset of side lobes [61]–[63].

These finite aperture effects also become less apparent with

increasing frequency, as expected. Loss of phase calibration

between each channel over the course of a scan and multipath

interference due to the absence of an anechoic chamber

Fig. 14. Normalized radiation patterns of measured (dashed and dotted lines)
and simulated (solid lines) array at 30, 40, and 55 GHz.

are also potential influencers of the observed discrepancies.

Despite these discrepancies, the fabricated array exhibits the

expected beam narrowing with frequency and demonstrates

effective radiation across its designed bandwidth.

The effective isotropic radiated power (EIRP) was evaluated

using

EIRP = Pt x + G t x = Pr x − Gr x + F S P L . (29)

The measured and simulated EIRP for the DUT with 5 mA dc

photocurrent per channel (15 mA total) is shown in Fig. 15 for

30, 40, and 55 GHz, and an additional EIRP with up to

20 mA per channel (60 mA total) is shown for 40 GHz

(midband). Measured values shown at 5 mA were with an

applied reverse bias voltage of 3 V per channel and measured

values shown above 5 mA were with 5 V per channel.

Simulated EIRP was determined using (7) and (8), and the

simulated total input impedance of the fabricated array, shown

in Fig. 13(b). The 50 � ideal is also shown in Fig. 15,

which uses (7) and (8), and a 50 � total input impedance.

As shown, the radiation efficiency of the antenna increases

with increasing frequency, i.e., as the frequency approaches

2c/λmin , as shown by the relative offset of each curve from

the 50 � ideal; this behavior is also observed in the mea-

sured EIRP, as expected. The measured EIRP also increased

exponentially with increasing photocurrent, as predicted by

(17), and matches well to simulation except for the measured

values at 40 GHz for photocurrents ≥10 mA being greater

than their corresponding simulated values. This discrepancy

is likely due to inaccuracies in the transit time value used to

simulate the frequency response of the photodiodes. The transit

time generally varies with electron velocity, and the electron

velocity varies with the electric field distribution across the

junction [60], [64]. The electric field distribution is a function

of the doping, the photocurrent, and the applied reverse bias

voltage. As a result, the transit time will also vary with the

photocurrent and the applied reverse bias voltage. However,

for our analysis, the transit time was treated as a constant,

which may have led to erroneous results in the simulated

EIRP curves. Since the gain of the fabricated array was not

determined directly, the discrepancies in the radiation pattern
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Fig. 15. Measured (markers) and simulated (lines) EIRP values for the
fabricated array as a function of the dc photocurrent per channel.

Fig. 16. PCE for the fabricated array. (a) Measured (pentagrams) and simu-
lated (triangles) values as a function of frequency. (b) Measured (pentagrams)
and simulated (lines) values as a function of the dc photocurrent per channel
at 40 GHz.

at 40 GHz (Fig. 13) imply that increased gain may have also

led to increased measured EIRP values.

A maximum EIRP of 19.4 dBm was measured at midband

with 20 mA dc photocurrent per channel. During testing at

25 mA per channel, one of the photodiodes exhibited thermal

failure, thereby inhibiting further testing of the array. Thermal

failure at 25 mA is considered premature for CC-MUTC pho-

todiodes operating at these frequencies [39] and is suspected as

being hastened by potential fabrication stressors such as bond

degradation due to substrate flexure or suboptimal junction

illumination due to the optical components shifting during

their UV cure cycle. With improved integration techniques

and each photodiode operating near saturation (≈55 mA) [39],

EIRP is expected to reach values upward of 30 dBm.

Whereas the EIRP describes the ability of the antenna to

generate power and radiate that power in a direction of max-

imum radiation, i.e., to radiate directionally, the photodiode

PCE describes the ability of the antenna to convert its input

power to output power. Accordingly, efficiency was evaluated

using

PC E =
3

∑

n=1

αn

[

Pout

Pelec
in + P

opt

in

]

n

=
3

∑

n=1

αn

[

αn Pout

IdcVb + Idc

<n

]

(30)

where Pelec
in is the input electrical power, i.e., the power

dissipated in the photodiode junction, P
opt

in is the input opti-

cal power, and αn is a weighting factor determined by the

responsivity of each channel, i.e., αn = <n/(<1 + <2 + <3).

Using the measured power, as shown in Fig. 13(a), 5 mA dc

photocurrent per channel, an applied bias of 3 V per channel,

and the measured responsivities given in Table III, the PCE for

the fabricated array is shown in Fig. 16(a). In addition to the

PCE for each measured frequency, also shown is the expected

PCE at 40 GHz given the theoretical maximum responsivity

for the photodiodes used in this work under surface-normal

illumination at a wavelength of 1550 nm (0.50 A/W) and the

theoretical maximum responsivity for an illumination wave-

length of 1550 nm (1.25 A/W). As shown, the measured PCE

at midband is 1.2% and the maximum value, given 0.50 A/W

responsivity, is 2.1% at 5 mA dc photocurrent. As expected,

the measured PCE is approximately half the maximum PCE

due to the photodiodes being aligned at half responsivity.

Much like EIRP, the PCE is expected to increase significantly

with increasing photocurrent. In order to determine the PCE

dependence on photocurrent, the applied bias voltage, Vb, from

(30) was replaced with the minimum applied bias voltage,

Vmin , from (18) and Pout was expanded to give

PC E =
3

∑

n=1

αn

[

1
2
|ia|2

(

R
p

in

)

n

IdcVmin + Idc

<n

]

(31)

where (R
p

in)n=1,2,3 is the simulated input resistance for each

channel. Fig. 16(b) shows the measured and simulated PCE

as a function of the dc photocurrent at 40 GHz for the

fabricated array. The measured values were calculated using

(30), the measured output RF powers described for EIRP and

Fig. 15, and the measured responsivity values from Table III.

The simulated values were calculated using (31), simulated

(R
p

in)n=1,2,3, and measured responsivity values from Table III.

In addition, comparisons to a perfectly matched load and with

higher responsivities are also shown. As shown, the fabricated

array is near its 50 � ideal and is expected to reach a

PCE of 15% with each photodiode operating near saturation

(≈55 mA, 3 V) [39]. This 15% maximum PCE for the fabri-

cated array is assuming the responsivity values of 0.12, 0.17,
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and 0.18 A/W that resulted from an intentional defocusing of

the optical beam in an attempt to illuminate the photodiode

junction uniformly, as discussed in Section III-C. For future

implementations, illumination using a collimated beam should

be considered, as it is expected to allow the photodiodes to

operate at maximum responsivity without sacrificing saturation

performance [65], e.g., a responsivity of 0.50 A/W with a

collimated beam would result in a maximum PCE of 30% for

the fabricated array. To further increase the PCE, the saturation

point of the detectors could be pushed to higher photocurrent

via improved thermal management [42], e.g., using diamond

as the antenna substrate [48], or manipulation of the optical

input can be used, e.g., modulation depth enhancement [48].

V. CONCLUSION

The design, fabrication, and characterization of an RF

photonic TCA for UWB transmit operation at mmW frequen-

cies has been presented. Driven by integrated photodiodes,

the array capitalizes on the low-loss and scalable integration

potential realized by an optical feed network. A prototype

array with 1 ×3 active channels has been fabricated and char-

acterized. The array exhibits a maximum EIRP of 19.4 dBm at

40 GHz and a 3 dB (VSWR < 1.4) radiated power bandwidth

of 1.8:1 across 30–55 GHz. To the best of our knowledge,

this is the highest reported bandwidth for a fabricated phased

array operating at these frequencies [23], [49]–[51].

Although the fabricated array demonstrates efficient mmW

transmission, future work must focus on fabrication strategies

to optimize integration density and extend functionality to two

dimensions. The 2-D array implementation will see improve-

ments to bandwidth as higher channel counts lead to a closer

approximation of a CSA as well as inherent improvements

in directivity and EIRP, all of which are critical for high-

frequency wireless links.
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