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Abstract—Millimeter wave (MMW) sensing systems have po-
tential for enhanced range and angular resolution in comparison
to lower radio frequencies. This article employs photonic-assisted
radio-frequency arbitrary waveform generation to implement a
high-bandwidth multi-target MMW radar. The presented sensing
system operates in the W-band using chirped RF signals, with spec-
tra between 80 and 95 GHz at the 10 dB points. We implement sum-
and difference-mode beamforming using a two element transmitter
array to perform azimuth angle sensing in addition to target rang-
ing. Photonics-based waveform generation with programmable
optical pulse shapers provides for incorporation of approximately
uniform phase shifts across the entire bandwidth, which in turn en-
ables control of the far-field interference patterns of the broadband
waveforms. Our approach has analogies with monopulse tracking
radar techniques, in which target angle information is revealed
through sum- and difference-mode processing of the receiving
antennae, but with the dual-mode processing implemented at the
transmitter side via photonic radio-frequency arbitrary waveform
generation. Experiments with a single target demonstrate unam-
biguous sensing of target angle with an estimated root-mean-square
error of 0.18◦ over a ±4◦ angular range. We also demonstrate
independent sensing of the angles of two targets that are resolved
in range.

Index Terms—Frequency-to-time mapping, microwave
photonics, millimeter wave sensing, monopulse reception, optical
pulse shaping, photonic radar, photonic-assisted arbitrary
waveform generation, sum and difference beamforming, W-band,
RF photonics.

I. INTRODUCTION

THE research related to millimeter wave (MMW) and sub-
terahertz (sub-THz) frequencies has developed signifi-

cantly in recent decades. To mitigate the spectral congestion
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in lower radio-frequency (RF) bands, MMW frequency re-
gions with broader bandwidths can be accessed for applications
like high-resolution ranging [1], [2], ultrahigh-speed wireless
communication [3]–[8], and electromagnetic imaging [9], [10].
Conventional sensing systems working in the frequency region
below 30 GHz face challenges in detection and high resolution
imaging of small targets [11]. Shorter wavelengths in the MMW
region from 30 to 300 GHz (1 cm to 1 mm) can provide
better angular resolution and can support ultrabroad bandwidth
favoring high resolution ranging. These qualities make MMW
3-dimensional (3-D) radars promising for use in self-driving
vehicles [12] and intelligent driver assistance systems [13].

Several approaches have been previously explored to accom-
plish 3-D imaging with high angular resolution. A quasi-optics
approach was demonstrated based on a MMW/THz lens (or
parabolic mirror) [1], [14] to focus and narrow down the RF
beam for improved transverse resolution. However, the sensing
distance at which full azimuth and range resolution is maintained
is fixed by the working distance of the focusing element. True
time delay beamforming in phased array systems can provide
range and angle sensing over large working distances. However,
conventional implementations with electronic devices limit the
bandwidth supported in these systems. Range resolution can be
enhanced by techniques allowing versatile ultrabroadband phase
shifting and waveform generation. Microwave photonic tech-
nologies have been extensively explored for this purpose [15]–
[17]. A photonics-based true time delay phased array radar
demonstrated recently used digital beamforming [18] to cover
a 22–26 GHz frequency band and achieved range and azimuth
resolution of 3.85 cm and 2.68◦, respectively.

The work we report here is based on photonic assisted
radio-frequency arbitrary waveform generation (RF-AWG) [19].
Photonic-assisted RF-AWG [19] based on optical pulse shap-
ing [20] and frequency-to-time mapping [21]–[23] has achieved
programmable arbitrary waveform generation both at baseband
and at center frequencies up to the low MMW regime, with band-
widths as large as 50 GHz [24]. In [2] photonic assisted RF-AWG
was extended to the W-band (75–110 GHz) using a near-ballistic
uni-traveling-carrier photodiode (NBUTC-PD) based photonic
transmitter-mixer (PTM) [25] for photodection. Ranging experi-
ments conducted using waveforms spanning most of the W-band
demonstrated range resolution down to several millimeters [2].
Here we apply photonic RF-AWG for driving a two-element
transmitter array in the W-band to achieve simultaneous range
and angle sensing. Our approach is inspired by monopulse

0733-8724 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Purdue University. Downloaded on June 18,2021 at 12:39:03 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-2801-3538
https://orcid.org/0000-0003-4520-4739
https://orcid.org/0000-0003-0139-514X
https://orcid.org/0000-0002-1334-8183
mailto:bohao2014@gmail.com
mailto:sseshad@purdue.edu
mailto:omalleyn@purdue.edu
mailto:leaird@purdue.edu
mailto:amw@purdue.edu
mailto:p3984011@hotmail.com
mailto:jwshi@ee.ncu.edu.tw
mailto:nwchen@saturn.yzu.edu.tw
https://10.1109/JLT.2020.3038846


1620 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 6, MARCH 15, 2021

radar tracking techniques, in which target angle information is
revealed through simultaneous processing of sum and difference
patterns using beamforming networks following an array of
receiving antennae [13], [26]–[28]. In our scheme, sum and
difference mode waveforms are sequentially transmitted from a
(two element) antenna array and echo signals received by a single
antenna are post-processed to retrieve the target angle. Sum and
difference mode transmission is implemented by programming a
pair of pulse shaper based photonic RF-AWG units to generate a
pair of broadband waveforms that are alternately in phase and out
of phase respectively. The ability of photonics-based waveform
generation to impose an approximately uniform phase shift and
control the far-field interference across the entire bandwidth
is a key enabler for this approach. Compared to traditional
monopulse radar which uses narrowband pulses, our approach
based on ultrabroadband pulse compression can provide much
better range resolution.

In this paper we report a two-dimensional photonic-assisted
radar which utilizes a pair of W-band chirped waveforms with
∼15 GHz 10 dB bandwidths for simultaneous range and angle
sensing. Experiments with a single target demonstrate unam-
biguous sensing of target angle with an estimated RMS error
of 0.18◦ over a ±4◦ angular range. Although our angle sensing
method is predicated on the presence of a single isolated target,
it can also be applied to two or more targets, provided that the
targets are clearly resolved in range. With our experimental
parameters we can achieve range resolution of 1.5 cm for a
single target; accurate sensing of the angles of two independent
targets is demonstrated for a somewhat larger range difference
of 2.5 cm. To our knowledge our work constitutes the first
broadband photonics-assisted radar based on sum and differ-
ence transmission beamforming. Our scheme can potentially be
extended to a four-element transmitter array for sensing in three
dimensions (angle in both horizontal and vertical planes, plus
range). In addition, this approach should offer advantages that
are associated generally with radio-frequency photonics, such
as reduced susceptibility to electromagnetic interference, low
propagation loss in radio-over-fiber signal distribution and low
timing jitter. Our work has potential relevance for photonically
distributed, multi-antenna millimeter wave radar, which has
been explored for applications both to self-driving cars [29] and
to surveillance of obstacles and debris in airport runways [30],
[31], and possibly to millimeter wave synthetic aperture radar
that uses monopulse processing for ground moving target indi-
cation [32].

While the current experiments are set for operation in the W-
band, the waveform generation technique can be configured for
both larger bandwidths and higher center frequencies, provided
that appropriate photomixers and RF components are available.
An analysis of RF bandwidths and time-bandwidth products
attainable using the frequency-to-time mapping technique is
given in [21].

The rest of this paper is organized as follows. In Section II we
discuss the experimental apparatus for waveform generation and
transmission mode beamforming. We also demonstrate control
of broadband constructive and destructive interference along
the transmission center axis. Section III presents a theoretical

analysis of the angular dependent far-field interference under
sum and difference mode transmission as well as experiments
that confirm the theoretical predictions. Section IV extends these
results to a pulse compression radar scenario for simultaneous
range and angle sensing. Our treatment first outlines the sig-
nal processing procedures and then characterizes experimental
performance in both single target and multiple target operation.
Finally, in Section V we summarize and discuss ideas for future
enhancements.

Preliminary experimental results on broadband far-field inter-
ference control and target sensing were reported in conference
publications [33] and [34], respectively. Here for the first time
we formulate the theory for the angular-dependent far-field
waveforms and for the pulse compression processing procedure
that allow us to extract simultaneous range and angle information
and present comprehensive experimental results.

II. EXPERIMENTAL SETUP

Fig. 1 illustrates our experimental setup for W-band transmit-
ter array beamforming. It consists of three sections: photonic-
assisted arbitrary waveform generation (AWG), fast photo-
detection, and wireless antenna array channel. In the experiment,
the optical pulse from the laser source is stretched in time by a
dispersive fiber, with 37.5 ps/nm total dispersion. After the input
pulse passes through the dispersive fiber, it is divided into two
arms by a fiber splitter and spectrally shaped by pulse shapers to
result in two optical waveforms with time domain structure being
scaled replicas of the original optical power spectrum. The pulse
shapers are programmed based on the near-field frequency-to-
time mapping technique [21] to modulate the optical spectrum
of the mode-locked laser, in order to generate the user defined
optical profiles, which are later converted to desired W-band
waveforms through photodetection. The pulse shapers used in
the setup are Finisar WaveShapers, covering the entire optical
C-band (1525-1565 nm, ∼5 THz optical bandwidth, ∼10 GHz
3 dB spectral resolution). The optical signals from the photonic-
assisted AWG are converted to millimeter-waves (MMWs) by
two UTC-PDs based waveguide-coupled photomixers - one of
them homemade [25], and the other obtained commercially
(NTT Electronics IOD-PMW-13001). They are connected to
two identical horn antennas (Millitech SGH-10-RP000) which
are placed side-by-side separated by d ≈ 2.3 cm, to serve as the
transmitter block. A third horn antenna (QuinStar Technology,
Inc. W-band QWH-WPRR0) serving as the receiver, is initially
placed on a swing arm controlled by a programmable translation
stage, to demonstrate sum and difference mode beamforming
pattern as a function of angle. The antenna is located 3 meters
away, facing the two transmitters. However, as described later in
Section IV, to demonstrate remote target sensing, the receiving
antenna is later relocated close to transmitter array. All three
antennas have 20 dB antenna gain across the W-band. For a
larger field of view, lower gain antennas such as patch antennas
could be used instead. The photonic assisted AWG is applied
to generate the linearly chirped W-band waveforms with 1.5 ns
time duration and 3 dB bandwidth of 6 GHz (covering 80 to
95 GHz within 10 dB). The waveforms have a repetition period
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Fig. 1. Experimental diagram and wireless W-band ultrabroadband chirped waveform transmission. (a) Experimental setup for beamforming, with receiver
antenna located at far field. AWG, arbitrary waveform generation; UTC-PD, uni-traveling carrier photodiode based waveguide-coupled photomixer; PA, power
amplifier; Tx, transmitter antenna; Rx, receiver antenna; LNA, low noise amplifier; LO, local oscillator; d = 2.3 cm, r = 3 m (b) Received down-converted chirped
signal radiated from a single transmitter antenna and its instantaneous center frequency. The waveform with ∼ 15 GHz 10-dB bandwidth (linear chirp, 80–95 GHz)
is sampled by the real-time scope at the receiver end after down-conversion by 78 GHz. (c) Reconstructed received W-band chirped signal and its instantaneous
center frequency. (d) Spectrogram of waveform in (c).

of 4 ns equal to that of mode-locked laser (MLL), which sets the
unambiguous range detection window.

The signal detected by the receiving antenna is forwarded to
a low noise amplifier (Millitech LNA-10-02150) with ∼23 dB
gain over a frequency range of 80-105 GHz. Based on the re-
quirement of the experiment, the received and amplified W-band
waveform is either sent for time-resolved measurement or to
an RF power meter. For time-resolved operation, the LNA is
connected to a second harmonic mixer with ∼17 GHz inter-
mediate frequency (IF) bandwidth, which down-converts the
received signal by 78 GHz (the local oscillator driving the mixer
is at 39 GHz). Following this, the down-converted waveform
is recorded by a real-time oscilloscope with 20 GHz analog
bandwidth and 50 GS/s sampling rate. The MLL repetition rate,
real-time scope and the local oscillator are synchronized to a
common clock.

Waveforms shown in Figs. 1 and 2 are measured under
time-resolved operation. Fig. 1(b) shows the down-converted
signal with the instantaneous frequency when only one of the
transmitters is enabled and the receiving antenna is placed on
the bore-axis (i.e angular displacement θ = 0) in the far field.
The reconstructed W-band waveform shown in Fig. 1(c) is
calculated offline by up-converting the spectrum of waveform
in Fig. 1(b) by 78 GHz. Fig. 1(d) shows the spectrogram of the
linearly chirped reconstructed W-band waveform in Fig. 1(c).
We first investigate the sum (Σ) and difference (Δ) transmission
beamforming along the bore-axis of the transmitter array in
Fig. 2, with the receiver stage in time-resolved operation. The
receiver antenna is initially set on the bore-axis with no angular
offset (θ = 0◦) and transmitted waveforms are measured using
the real-time scope when one of the transmitters is enabled at
a time. The pulse shapers in the two arms (shown in Fig. 1(a))
are programmed to impose either same or opposite polarities on

Fig. 2. Photonic monopulse transmitter array beamforming time domain
waveforms measurement (center axis). (a) Down-converted waveform at Rx
when only Tx1 is radiating (blue), when only Tx2 is radiating (red). Waveforms
feeding Tx1 and Tx2 are in phase. (b) Similar to (a) but waveforms feeding to
Tx1 and Tx2 are out of phase byπ rad. (c) Down-convertedΣ (red) andΔ (blue)
interference waveforms at Rx with both Tx1 and Tx2 radiating. (d) Spectra of
received single transmitter signals and Σ- and Δ-mode signals; red trace, Tx1
and Tx2 are both radiating in the Σ transmission mode (in phase); blue trace,
Tx1 and Tx2 are both radiating in Δ transmission mode (out of phase); green
trace, only Tx1 is radiating; black trace, only Tx2 is radiating.

the waveforms (in addition to spectrally shaping the dispersed
modelocked pulses).

Figs. 2(a) and 2(b) show the received downconverted RF
waveforms for W-band transmission with either the same or the
opposite polarities. Fig. 2(c) shows the downconverted wave-
forms received at θ = 0◦ when both the transmitting antennas
are radiating simultaneously. When both transmitted waveforms
have the same polarity (red, Σ-mode), constructive interference
occurs and we observe amplitude doubling in the received wave-
form. When the interfering signals have opposite polarity (blue,
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Δ-mode), destructive interference occurs, resulting in near-zero
amplitude over the entire time aperture. The RF power spectra of
waveforms in Figs. 2(a)-(c) are computed offline and shown in
Fig. 2(d). The extinction ratio between Σ- and Δ-mode spectra
averaged over 2–17 GHz (corresponding to 80–95 GHz in the
W-band) is 15.96 dB. The Σ-mode power spectrum is ∼6 dB
stronger than that of either single-Tx spectrum, consistent with
the amplitude doubling evident in Fig. 2(c). These results clearly
demonstrate the ability of our photonics-based generation ap-
proach to impose an approximately uniform phase shift and
control the far-field interference across the entire bandwidth.

III. SUM (Σ) AND DIFFERENCE (Δ) TRANSMISSION

MODE INTERFERENCE

A. Theoretical Background

The W-band waveforms generated in our experiment are
linearly chirped in frequency as shown in Fig. 1(d). However,
our approach should also work for other broadband waveforms.
In general, the electric field of a broadband W-band waveform
with carrier angular frequency ω0 and complex amplitude a(t)
can be expressed as

VW (t) =
1

2
[a(t)ejω0t + c.c.] (1)

Transmitters (Tx1 and Tx2), shown in Fig. 1(a), are separated
by a distance d, and placed symmetrically with respect to the
axis. The transmitters are operated in the Σ- or Δ-mode and
respective transmitted waveforms (TΣ

i and TΔ
i , i = 1, 2) follow

the relation,

TΣ

2 (t) = TΣ

1 (t) = Re[a(t)ejω0t], (2)

TΔ

2 (t) = −TΔ

1 (t) = −Re[a(t)ejω0t]. (3)

The receiver is placed at a range r from the origin, making an
angle θ with the center axis of the transmitter array. As shown in
Fig. 1(a), the receiver is defined to have a positive angular shift
when located closer to transmitter 2 compared to transmitter 1.
Under the far field condition, the waveform transmitted from
Tx1 (Tx2) to the receiver is delayed (advanced) by τ

θ
≡ d sin θ

2c
as compared to a scenario where the waveform is emitted from
the origin. In our experiments, the transmitting antennae have
apertures b = 1.87 cm with center-to-center separation d ≈
2.3 cm in the horizontal plane, for a total aperture b+ d ≈
4.17 cm. The receiver is at distance of r ≈ 3 m from the origin.
The W-band power spectrum covers a frequency range from 80
to 95 GHz with a mean frequency of 86.5 GHz (∼ 3.5 mm mean
wavelength, λ), taken to be the center carrier frequency (ω0/2π).
Together, these values satisfy the far field regime conditions,
r � 2(b+d)2

λ
, r � b+ d and r � λ.

The W-band waveforms Sω0
(t, r, θ) and Dω0

(t, r, θ), ob-
served by a receiver placed at angle θ in the far field under
Σ- and Δ-mode transmission respectively, are written

Sω0
(t, r, θ) = k

θ
[TΣ

1 (t
′ − τ

θ
) + TΣ

2 (t
′ + τ

θ
)]

= k
θ
Re

[
a(t′ − τ

θ
)ejω0(t

′−τ
θ
) + a(t′ + τ

θ
)ejω0(t

′+τ
θ
)
]

(4)

Dω0
(t, r, θ) = k

θ
[TΔ

1 (t′ − τ
θ
) + TΔ

2 (t′ + τ
θ
)]

= k
θ
Re

[
a(t′ − τ

θ
)ejω0(t

′−τ
θ
) − a(t′ + τ

θ
)ejω0(t

′+τ
θ
)
]

(5)

where t′ = t− r
c is a function of receiver distance r and in-

corporates the fixed delay when a waveform is emitted from the
origin and reaches the receiver. k

θ
is the proportionality constant

including angular response of transmitting and receiving horn
antennae.

As explained below, we are primarily interested in small
angles, −5◦ ≤ θ ≤ 5◦, for which the delay parameter τ

θ
sat-

isfies τ
θ
≤ 3.3 ps. Since this is much smaller than the inverse

bandwidth of our W-band waveforms, a(t) can be assumed to
be slowly varying on the scale of τ

θ
. We may therefore make the

approximation

a(t+ τ
θ
) ≈ a(t) ≈ a(t− τ

θ
). (6)

By using this simplification in Eqs. (4–5) and writing a(t) as
|a(t)|ejα(t), we obtain the following expressions for the W-band
waveforms at the receiver

Sω0
(t, r, θ) = 2k

θ
|a(t′)| cos(ω0τθ )Re[e

j(ω0t
′+α(t′))] (7)

Dω0
(t, r, θ) = 2k

θ
|a(t′)| sin(ω0τθ )Re[−jej(ω0t

′+α(t′))] (8)

Angular information may be obtained from the cos(ω0τθ ) and
sin(ω0τθ ) terms in Eqs. (7–8). The angle may be determined
unambiguously for |ω0τθ | ≤ π/2. Using 86.5 GHz as the center
frequency, this corresponds to |τ

θ
| ≤ 2.9 ps and |θ| ≤ 4.4◦,

justifying our assumptions.
Following this, the W-band waveforms are downconverted

by the LO frequency ω
LO

before being recorded by the real-
time scope. This can be evaluated by multiplying the expression
inside the Re[. . .] in Eqs. (7) and (8) by e−jω

LO
t

Sωc
(t, r, θ) = 2k

θ
|a(t′)| cos(ω0τθ )Re[e

j(ωct
′+α(t′)−ϕr)] (9)

Dωc
(t, r, θ) = 2k

θ
|a(t′)| sin(ω0τθ )Re[−jej(ωct

′+α(t′)−ϕr)]
(10)

where ωc = ω0 − ω
LO

and ϕr =
ω

LO
r

c .
In target sensing experiments described later in Section IV, the

received down-converted waveforms are reconstructed offline to
W-band during post-processing (by shifting all positive frequen-
cies in the Fourier transform of the downconverted waveforms
by ω

LO
, and negative frequencies by −ω

LO
). This is equivalent

to multiplying the quantity inside Re[. . .] in Eqs. (9) and (10)
by ejωLO

t. Thus the reconstructed W-band waveforms can be
written as

Sω0
(t, r, θ) = 2k

θ
|a(t′)| cos(ω0τθ ) cos(ω0t

′ + α(t′)) (11)

Dω0
(t, r, θ) = 2k

θ
|a(t′)| sin(ω0τθ ) sin(ω0t

′ + α(t′)) (12)

B. Analysis of Σ- and Δ-Mode Waveforms

We now draw on this analysis to discuss the angular depen-
dence of Σ- and Δ-mode data in experiments.

First,Σ- andΔ-mode far-field patterns are acquired by record-
ing the received power (measured with the RF power meter, see
Fig. 1) as the receiving antenna is swept over an arc in steps from
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Fig. 3. Far field antenna pattern measurement for Σ and Δ pattern beamform-
ing. (a,b) Far field broadband antenna array pattern with Tx1 and Tx2 in Δ
transmission mode (out of phase). Polar plot with log scale in (a) and Cartesian
plot with linear scale in (b). (c,d) Far field broadband antenna array pattern with
Tx1 and Tx2 in Σ transmission mode (in phase). Polar plot with log scale in
(c) and Cartesian plot with linear scale in (d). The measured powers at θ = 0◦
are 0.65μW and 22.1μW for Δ and Σ transmission modes, respectively; the
power at θ = 0◦ with only a single transmitter enabled is 5.81μW .

θ = −30◦ to +30◦ with a 0.25◦ angular increment. The far-field
antenna pattern is also measured with one arm transmitting at
a time. The measured patterns of W-band power as a function
of receiver angular shift are plotted in Figs. 3(a-d). In the Δ
transmission mode, the polar (Fig. 3(a)) and Cartesian (Fig. 3(b))
plots show a null at the center. In contrast, when the transmitters
emit signals with the same polarity, a constructive interference
peak is observed at θ = 0◦ in Figs. 3(c) and 3(d). An extinction
ratio of 15.31 dB between the Σ- and Δ-patterns at θ = 0◦ is
observed, in agreement with the extinction ratio estimated from
the time domain data (Fig. 2).

Fig. 4 shows examples of down-converted time domain wave-
forms measured with the receiver stage off-axis in time-resolved
operation. The examples compare the phase relation betweenΣ-
and Δ-mode waveforms, for both positive and negative receiver
angular shifts. Some of the key points are as follows :
� The experimental Σ and Δ interference patterns in Fig. 3

exhibit an angular fringe period of 8.8o (angular spacing
between peaks in Δ-mode and zeroes in Σ-mode). Using
the cos(ω0τθ ) and sin(ω0τθ ) terms in Eqs. (7 - 12), and
center carrier frequency of 86.5 GHz, the angular fringe
period of 8.8◦ gives a precise estimate of separation be-
tween transmitting antennae to be d = 2.26 cm. Within
one angular fringe period, the absolute value of the receiver
angular shift can be determined uniquely from the ratio of
powers received in Σ- and Δ-mode transmission.

� The Σ- and Δ-mode waveforms at a given receiver angle
are in quadrature phase with each other. From Figs. 4(a)
and 4(b), we observe that theΔ-mode (red) waveform leads
the Σ-mode waveform (blue) for negative receiver angles
and lags theΣ-mode waveform for positive receiver angles.
This lead-lag phase relation is predicted by the equations
and is an indicator of the direction of angular shift.

� The equations predict that Σ-mode waveforms measured
by receivers at fixed range and equal but opposite angles
should be identical. The Δ-mode waveforms for equal but
opposite angles should have a relative phase difference of
π. However, to observe these features experimentally, we
must account for the mm-scale range variations that occur
when we mechanically sweep the receiver angle (such
variations affect the ϕr term in Eqs. (9–10)). Here we use a
Σ-mode waveform pair at equal but opposite angular shifts,
Sωc

(t, r1, θ) and Sωc
(t, r2,−θ), as a reference. That is, in

the Σ-mode data of Figs. 4(d) and 4(f), corresponding to
θ = ± 3◦ and ±7.5◦ respectively, in each case we shift the
phase of one of the waveforms to match that of the other.
The same phase shift is then applied to the corresponding
Δ-mode waveform. The results are plotted in Figs. 4(c)
and 4(e). In both cases the Δ-mode waveforms at equal
but opposite angular shifts are clearly out of phase, as
predicted.

We can deduce from the above analysis that the receiver
angular shift can be retrieved from Σ- and Δ-mode waveforms.
In the following section, we extend our experiments to realize
range and angle sensing of multiple targets.

IV. HIGH RESOLUTION REMOTE TARGET(S) SENSING

Our photonic radar system consists of a two element antenna
array that transmits alternately in Σ- and Δ-modes and a single
receiving antenna, as illustrated in Figs. 5(a) and 6(a). This is
in contrast to the traditional monopulse tracking radar concept,
which switches between Σ- and Δ-modes [27], [35] using an
array receiver. The receiver block from the setup in Fig. 1 is
relocated close to the transmitting antennae and placed on the
line bisecting the transmitter array such that the bore-axis is
normal to the plane containing the three antennae (see figures).
Now the mechanical swinging arm is used to move a (4 in by 4 in)
metal plate referred as Target 1 along a 3-meter radius arc from
θ = −4◦ to 4◦ in 0.1◦ angular increments. A second identical
sized target referred as Target 2 is placed approximately on-axis
in later multi-target sensing experiments.

A. Single Target Sensing

At the outset we consider single target sensing with Target 1
only (Target 2 is not present). The analysis of Σ- and Δ-mode
waveforms from Section III can be extended to single target
echo waveforms under a few conditions - (i) the reflectance of
the target is uniform over all transmitted frequencies, and (ii) the
target aperture is small enough (given our targets at range≥ 3 m)
such that reflected response does not have to be integrated over
a range of angles. The received downconverted echo waveforms
from a target at range r and angle θ take the same form as
Eqs. (9) and (10) but follow the relation, t′ = t− 2r

c due to
the round trip distance travelled by the waveforms in the radar
configuration. The constructive and destructive interference in
Σ- and Δ-modes when the target is placed at the center axis of
the transmitter array (antenna boresight) is shown in Fig. 5(b).
Examples of experimental Σ and Δ echo waveforms for θ = ±
2.3◦ are shown in Figs. 5(c) and 5(d). The lead-lag phase relation
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Fig. 4. Far field off-axis antenna time domain waveforms measurement. Examples of received downconverted Σ and Δ mode waveforms when Rx is located
at angular displacement of (a) −3o and (b) +3o. The Σ and Δ mode waveforms are in quadrature phase with each other at a given receiver angle. Examples of
received downconverted waveforms for Δ transmission when Tx1 and Tx2 are set out of phase with Rx located at angular displacement of (c) ±3◦, (e) ±7.5◦.
Examples of received downconverted waveforms for Σ transmission when Tx1 and Tx2 are in phase with Rx located at angular offset (d) ±3◦ and (f) ±7.5◦.

Fig. 5. (a) Experimental scheme for target(s) sensing. Examples of downconverted received Σ- and Δ-mode waveforms, reflected from a single target located
at (b) center axis, (c) +2.3◦, and (d) −2.3◦. (e) Received echo power under Σ and Δ transmission modes, and sum of their powers with single target placed in the
far field.

between theΣ andΔ echo waveforms and its dependence on the
direction of target angular shift is consistent with the discussion
in the previous section.

The integrated power in the reflected waveforms is plotted as a
function of single target angle in Fig. 5(e). The total power (green
curve) by adding Σ- and Δ-mode powers, is approximately flat
over the central ±2◦ and then rolls off, reflecting the angular
response of our antennae.

As discussed in Section III, the amplitudes of the Σ- and
Δ-mode echo waveforms reveal the absolute value of azimuth
angle and the relative phase between them reveals the direction
of angular shift.

To proceed, the received waveforms are first apodized by a
flat-topped window function of 4 ns total duration, with 0.8 ns
rise and fall times. Any effect of nonequal transmitted powers by
the two arms is rectified by back-calculating the two transmitted

waveforms from the received Σ and Δ waveforms (a(t) in Eq.
(1), but now allowed to be slightly different for the two transmit-
ters) and normalizing the power calculated for each transmitter to
unity. Our estimates for theΣ andΔ echo waveforms are then up-
dated by calculating the sum and difference of the so-normalized
transmitted waveforms, after which they are reconstructed to
W-band. This normalization procedure is observed to improve
angle sensing accuracy in dual target experiments but has little
effect in the single target experiments.

Pulse compression is essential in order to achieve the potential
range resolution. We perform this compression offline by com-
puting the cross-correlation of the reconstructed W-band Σ- and
Δ-mode echo waveforms with a real reference signal Vω0

(t).
We record a downconverted waveform reflected from a target
placed on the transmitter array axis in the far field at a distance
rref and up-convert it to W-band offline to obtain the reference.
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Fig. 6. (a) Transmitter and receiver antenna blocks for target detection. Tx1
and Tx2 are separated in horizontal direction by d ≈ 2.3 cm. Rx is placed close
to and equidistant from the transmitters. (b) Targets placed at far field, 3 meters
away from the transmitter and receiver block.

That is,

Vω0
(t) = Sω0

(t, 2rref , θref = 0). (13)

The cross-correlations of each of theΣ andΔ echo waveforms
with the reference Vω0

(t) are computed. The cross-correlation
waveforms at carrier frequency of ω0 for a single target at range
r and angle θ are given by

XΣ(τ ;ω0) =

∫
Sω0

(t+ τ, 2r, θ)Vω0
(t)dt (14)

XΔ(τ ;ω0) =

∫
Dω0

(t+ τ, 2r, θ)Vω0
(t)dt (15)

The relative phase between Σ- and Δ-mode waveforms is
preserved upon compression, since a common reference is used
for cross-correlation. Figs. 7(a,b) show W-band compressed
waveforms obtained using return data from a single target placed
at angles θ = ±3.1◦ respectively. Compressed waveforms forΣ-
and Δ-mode have essentially identical envelopes, as expected
under the slowly varying envelope approximation of Eq. (6),
with durations equivalent to roughly ten periods of the W-band
carrier. However, the amplitudes and phases of the compressed
waveforms differ; these differences are the signature of the target
angle. The lead-lag phase relation between Σ- and Δ-mode
waveforms is the same as in Fig. 5(c,d); i.e., for negative θ
the Δ-mode waveform leads the Σ-mode waveform, and vice
versa for positive θ. For illustration, in Figs. 7(c,d) we also
plot the compressed down-conversion waveforms. Because the
resulting compression peaks comprise only a single cycle of the
down-converted carrier, the lead-lag phase relation between Σ-
and Δ-mode waveforms is more clearly visualized.

We utilize this lead-lag relation to determine the sign of the tar-
get’s angular position, θ. Our procedure is to compute the cross-
correlation between the Σ-mode compression trace XΣ(t;ω0)
and the Δ-mode compression trace XΔ(t;ω0). The sign of the
time delay at which a peak occurs in this cross-correlation of
compression traces gives the sign of θ. The absolute values of
the peak amplitudes of the compressed waveforms (which we
term |AS | and |AD| respectively) can be used to extract the
absolute value of θ,

|θ| = 2c

ω0 d
arctan

( |AD|
|AS |

)
(16)

Fig. 7. Example of single target Σ and Δ reconstructed W-band compression
traces for (a) +3.1o, (b)−3.1o. The respective compression waveforms in
downconverted regime are plotted in (c) and (d) for better illustration of the
lead-lag phase relation.

where the values of the constants have been given previously.
The angles retrieved when a single target is swept over the
range −4◦ to 4◦ are shown in Fig. 8(a). Here the horizontal
axis corresponds to the actual target angle assuming that the
mechanical swing arm executes an ideal angular sweep with
uniform 0.1◦ increments. For the most part, the retrieved angle
is linear in the actual target angle with slope one. Retrieved
angles close to θ = 0◦ have higher error because the expected
extinction of the Δ-mode signal near 0◦ makes it more sensitive
to noise—see dual target sensing section for further discussion.
Nevertheless, the root-mean-square (RMS) error of retrieved
single target angles over the angular span is only 0.18◦.

B. Dual Target Sensing

In this section we discuss range and azimuth sensing of two
independent targets. As sketched in Fig. 5(a), Target 1 is moved
over an arc of constant radius about the center of the transmitter
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Fig. 8. Retrieved single target angular displacement (a) and retrieved dual
target angular displacements when the targets are separated by (b) 4.7 cm (c)
2.5 cm.

array, while target 2 remains stationary. The post-processing
employed for single target angle sensing can be extended to the
dual-target (and potentially multi-target) scenario. However, the
performance of our angle sensing scheme is contingent on being
able to resolve different targets in range. That is, if the range of
the targets are not sufficiently different, the angle retrieval is
compromised.

Let the depth and angular displacement of the moving target
and the stationary target be (r1, θ1) and (r2, θ2), respectively.
The dual target Σ- and Δ-mode echo fields (Sd and Dd) are
equal to the sum of the contributions from individual targets.

Sd
ω0
(t) = Sω0

(t, 2r1, θ1) + Sω0
(t, 2r2, θ2) (17)

Dd
ω0
(t) = Dω0

(t, 2r1, θ1) +Dω0
(t, 2r2, θ2) (18)

The round trip distances travelled by the W-band waveforms
are taken into consideration to express the above dual target
echo fields. Here Sω0

and Dω0
are the individual target Σ- and

Δ-mode fields given by Eqs. (11–12).
1) Azimuth Estimation: Similar to the single target scenario,

the W-band compression waveforms are employed to estimate
the azimuth angle. Σ- and Δ-mode return signals are cross-
correlated with a single reference waveform Vω0

(t) similar to
Eqs. (13–15). This results in compression, with two peaks cor-
responding to the two targets. The temporal separation between
the compression peaks reflects twice the difference in target
ranges; as before, the amplitudes of Σ- and Δ-mode signals
within an individual peak carry information on the individual
target angles. The ratio between absolute values of Σ- and
Δ-mode compression peak amplitudes is computed for each
range-resolved target and |θ| is retrieved using Eq. (16).

Fig. 9. (a) Example of dual target reconstructed W-band compression traces
for (moving) Target 1 at positive angular shift of 1.4o and (stationary) Target
2 at negative angular shift of −0.5o. The expanded views in (b) and (c) show
the carrier lead-lag relation for (b) Target 1 and (c) Target 2 compression peaks,
respectively. The range separation between the two targets in this example is
4.7 cm.

Fig. 9 shows an example of W-band compression waveforms
in a dual target measurement, with θ1 = 1.4◦ and θ2 = −0.5◦.
The return signals from the two targets are clearly resolved.
The expanded views in Figs. 9(b,c) illustrate that the lead-lag
phase relationship between Σ- and Δ-mode compression peaks
is reversed for Target 1 compared to Target 2, as expected due
to the different signs of the target angles. In our processing
procedure, the cross-correlations are time-windowed to select
the signal from an individual target. As before, we then use Eq.
(16) to obtain |θ|, and we compute the cross-correlation between
Σ- and Δ-mode compression traces to return the sign of θ for
the selected target. This procedure is then repeated for the other
target.

The retrieved angles of Targets 1 and 2 are plotted in Figs. 8(b)
and 8(c) as Target 1 is scanned in angle, for range differences
of 4.7 cm and 2.5 cm, respectively, between the two targets.
In both the figures, the angle of the stationary target (Target
2) is approximately constant (θ2 ≈ −0.5◦ in Fig. 8(b) and
θ2 ≈ −0.4◦ in Fig. 8(c)), as expected. The retrieved angles
of the moving target (Target 1) predominantly follow a linear
relation in the intended actual target angle with slope one. At
small target angles, |θ| < 0.4◦, the sensing accuracy is observed
to degrade, similar to what was observed in the single target
experiments. The low amplitude of theΔ-mode waveforms near
θ = 0◦ increases susceptibility to noise, which leads to larger
errors in the angle estimate see Eq. (16). The finite aperture of
the targets may also play a role (both for dual-target as well
as single target experiments). Each target subtends an arc of 2◦

when placed at a range of 3 m, which can also lead to incomplete
extinction of the Δ-mode signal. To a lesser extent, the accuracy
of the retrieved angles also appears to degrade when the moving
target gets close to ±4◦. This observation is likely related to
the angular response of the individual antennas, which falls
off beyond roughly ±2◦, see Fig. 5(e), as well as to the array
factor for Σ-mode transmission, which has a zero near ±4◦,
see Fig. 3(d). Both effects reduce signal-to-noise. Finally, in the
dual target measurements, cross-correlation sidelobes are also
an issue. As the difference in ranges becomes small, sidelobes
from the cross-correlation of one target begin to overlap with the
peak of the other; such crosstalk degrades accuracy for angular
as well as range sensing. Even so, the respective RMS errors in
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Fig. 10. (a) Examples ofΣ- andΔ-mode W-band compression trace absolute-
valued envelopes (envelopes of |XΣ| and |XΔ|) when the targets are separated
by 4.7 cm, with angular shift of target 1 and target 2 being −3.7o and −0.5o

respectively. (b) Envelope of root-mean-square trace obtained from compression
traces in (a). (c) Example of root-mean-square trace envelope obtained fromXΣ

andXΔ at target spacing of 1.5 cm. (d) Retrieved target spacing (for two settings)
as a function of angular displacement of the moving target.

the retrieved angles of Target 1 and Target 2 are only 0.44o and
0.06o for a target separation of 4.7 cm; the RMS errors for a
target separation of 2.5 cm are 0.97o and 0.24o, respectively.

2) Range Estimation: The difference in the ranges of two
targets (Δr) can be identified from the temporal separation
of their respective compression peaks (Δt) via Δt = 2Δr

c .
Fig. 10(a) shows representative dual target results for Δr =
4.7 cm. Here we plot the envelopes of Σ- and Δ-mode compres-
sion waveforms, obtained by interpolating the maxima of the
carrier oscillations in the W-band compression waveforms and
taking the absolute value. As we have seen before, the relative
amplitudes of Σ- and Δ-mode waveforms depends strongly on
target angle. Therefore, we compute the root-mean-square trace√
(X2

Σ +X2
Δ), where here XΣ and XΔ respectively refer to

the envelopes of the Σ- and Δ-mode compression waveforms.
Fig. 10(b) shows the root-mean-square trace corresponding to
the compression waveforms in Fig. 10(a). The two targets are
clearly resolved, and the remaining difference in the amplitudes
of the two peaks is largely due to the angular response function
of the antennae. Fig. 10(c) shows similar data for Δr = 1.5 cm,
which illustrates the minimum range resolution achieved in
these experiments. The two correlation peaks are just barely
distinguished. Their separation Δt is 100 ps, comparable the
full-width at half maximum (FWHM ∼110 ps) of the peak from
a single target. However, when the range difference is this small,
angular sensing is compromised due to excessive waveform
overlap. For the waveforms used in our experiments, we find
that a minimum range difference of ∼2.5 cm is required for
independent angular sensing of the dual targets.

Retrieved range differences (Δr) are shown in Fig. 10(d) as
the angle of Target 1 is varied with Target 2 fixed. The experiment
was repeated for average range differences of 4.7 cm and 2.5 cm.
The intent of this experiment is to determine the error bar
in measured range. However, nonidealities in the mechanical

angular scan of Target 1 can lead to a weak variation of its
range with angle. Since this variation should not depend on
the range itself, the difference in the measured Δr should then
be independent of angle. This trend is evident in Fig. 10(d).
Therefore, by computing the variation in the range difference
with angle, we obtain a better estimate of the uncertainty in
the range measurement. In this way we assess a 0.4 mm RMS
uncertainty in the range measurement.

V. DISCUSSION AND CONCLUSION

In summary, we have demonstrated two-dimensional radar
imaging using photonically generated, broadband waveforms in
the RF W-band. The broad bandwidth (spectral content from 80-
95 GHz at −10 dB) enables range measurements with ∼1.5 cm
resolution and sub-mm error, while the ability to generate inde-
pendent broadband waveforms feeding a two element transmit
array permits measurement of azimuthal angle. Our approach
is analogous to monopulse radar, which obtains target angle
information through joint processing of sum and difference
patterns using beamforming networks following simple receive
antenna arrays; however, in our work the sum and difference
patterns are achieved at the transmitter side by exciting the
array with in-phase and out-of-phase broadband waveforms. Our
experiments take advantage of the unique ability of photonics-
based generation to impose uniform phase shifts and control
far-field interference across the entire bandwidth of interest. Our
technique is applicable either for range and azimuth sensing
of a single target or for sensing of multiple targets, provided
that the targets are resolved in range. The current experiments
demonstrate simultaneous sensing of the range difference and
the individual angles of two targets.

There are several ways to extend or improve beyond the cur-
rent proof-of-concept experiments. For example, sharper com-
pression peaks can be obtained by increasing the bandwidth, as
in previous experiments with a single transmit antenna that used
chirp waveforms spanning the full W-band (75-110 GHz) [2].
Furthermore, more careful spectral engineering [36] to obtain
smoother or apodized spectral envelopes would reduce cross-
correlation sidelobes. Both of these would permit resolution of
targets at smaller range difference, necessary for simultaneous
acquisition of independent target angles. Another enhancement
could entail application of an expanded set of phase shifted
waveforms, e.g., waveforms with broadband phase shifts of 0,
±π/2, and π as opposed to waveforms with just 0 and π phase
shifts used currently. Generation of families of broadband RF
waveforms subject to quadrature or even higher order phase
shift keying has been demonstrated by related photonics-based
generation techniques [24]. The use of an expanded number
of phase shifts could be particularly helpful in reducing an-
gular measurement uncertainties along directions where either
the Σ-mode or Δ-mode signal is zero and hence sensitive to
noise and cross-correlation sidelobes. The ability to photoni-
cally switch between waveforms with different broadband RF
phase shifts at hundreds of MHz rates has also been demon-
strated [24] and could contribute to faster detection methods.
Rapid modulation or switching of waveforms can also increase
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the window over which range can be unambiguously measured.
In the current setup the unambiguous measurement window
is limited by the 4 ns repetition period of the mode-locked
laser. However, as demonstrated in our group’s previous single
antenna work [2], [37], the waveform repetition period can be
expanded by switching the polarity of the transmitted broadband
waveforms on a pulse by pulse basis according to a predefined
pseudorandom sequence. This approach can be generalized to
multiple transmit antennas. By adjusting the length of the pseu-
dorandom sequence, the unambiguous detection window can in
principle be made arbitrarily large. Finally, one can use lower
gain antennas for a larger field of view, as well as potentially
increase the number of transmit antennas (each of which will be
driven by an independently controllable, photonically generated
RF waveform). A particularly interesting case would comprise
four transmit antennas in a square array for Σ- and Δ-mode
operation in both horizontal and vertical directions, enabling
three-dimensional imaging.
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