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Ultrawideband beamforming is essential for next-generation radar and com-
munication systems, however, the instantaneous bandwidth of phase-shifter-
based phased array antennas (PAAs) is limited by beam squint. Photonic true-
time-delay (TTD) beamformers offer a potential solution, yet their practical

deployment is hindered by complex delay-line architectures. Here, we report a

frequency-comb-steered photonic quasi-TTD beamforming approach that
eliminates delay lines by leveraging frequency-diverse arrays and photonic
microwave mixing arrays. This enables squint-free beamforming and con-
tinuous beam steering for widely used linear frequency modulation (LFM)
waveforms, effectively delivering infinite spatial resolution. We present 16-
element linear and 4x4 planar PAA prototypes, achieving 6 GHz instantaneous
bandwidth across the entire Ku-band. Furthermore, we demonstrate inte-
grated sensing and communication capabilities, including inverse synthetic
aperture radar imaging with 2.6 x 3.0 cm resolution and 4.8 Gbps wireless
transmission. This work establishes a compact, robust, and scalable archi-
tecture for ultrawideband, large-scale photonic PAAs, paving the way for
future integrated radar and communication systems.

Phased array antennas (PAAs) have fundamentally transformed the
way people manipulate electromagnetic waves in free space and have
played important roles in radar and communication applications. By
controlling the phase of each antenna element, PAAs can generate
flexible radiation patterns and steer the beam toward any specific
direction'. Traditional PAA beamformers employ electronic phase
shifters in each channel’. However, the well-known beam-squint issue
that smears frequency components in space restricts the system to
narrowband operations. The true-time-delay (TTD) technology can
eliminate the beam squint by introducing time delays to the radiated
signals®. With the ability to provide ultra-large instantaneous band-
width, TTD beamformers show great potential for future high-
resolution radar sensing* and high-capacity communications’. How-
ever, the high-loss, long-wavelength-scale microwave transmission
lines inherently lead to lossy electronic TTD beamformers. Alternatives

that promise low loss, such as artificial transmission lines*® and swit-
ched filters’, frequently encounter challenges with inconsistent
broadband delay and the complexities of achieving precise impedance
matching.

Photonic TTD beamformers have emerged as compelling con-
tenders in superseding their electronic counterparts, leveraging the
exceptional intrinsic benefits of photonic delay lines. These advan-
tages include low propagation loss, a broad and flat delay spectrum,
and robust immunity to electromagnetic interference®*'°. One classic
design of the photonic TTD beamformer is based on the program-
mable binary optical delay line, which utilizes a series of optical
switches and waveguides to alter the optical path length" ™. Photonic
TTD beamformers built of optical fibers have long been investigated,
but the system is bulky and not suitable for large-scale PAAs™. Recent
research has increasingly focused on demonstrating integrated
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photonic TTD beamformers. Novel delay structures have been pro-
posed for enhanced delay range and fine delay control, such as mul-
timode waveguides”, tunable Mach-Zehnder interferometers™¢, and
slow-light devices'®. Despite significant research endeavors, it is still
particularly challenging for photonic TTD beamformers to support
high-resolution and large-scale PAAs. As the number of antenna ele-
ments escalates alongside the need for greater resolution, the requisite
number of optical switches and waveguides also surges, resulting in a
marked increase in insertion loss and system complexity.

In this article, we introduce a novel frequency-comb-steered
photonic quasi-TTD beamforming approach that eschews the need for
delay lines, which substantially decreases complexity and enhances
the scalability of the beamformer. The core concept is based on a
photonically steered frequency diverse array, as depicted in Fig. 1(a).
Traditionally, frequency-diverse arrays are designed to produce
beampatterns that depend on both range and angle, which are limited
to narrowband operations”?°. However, we demonstrate that by
incorporating the well-known linear frequency modulation (LFM) and
precisely controlling the frequency offsets between antenna channels,
it is possible to achieve an elegant broadband quasi-TTD beamformer
that boasts infinite angle resolution. Furthermore, we introduce a dual-
comb heterodyne mixing scheme for massively parallel conversion of
microwave frequencies®**. Dual optical frequency combs, consisting
of two sets of equally spaced discrete spectral lines, have emerged as
pivotal bridges between the optical and microwave frequencies, with
extensive applications in fields such as metrology and spectroscopy?.
The dual comb mixing approach not only ensures an optimal linear
frequency correlation across various antenna channels but also has the
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Fig. 1| Concept of the frequency-comb-steered quasi-TTD beamformer.

a lllustration of the beamformer. The microwave signals feeding the antenna array
are generated by heterodyne mixing of dual optical frequency combs. Linear fre-
quency increments with a frequency step Af are introduced across the antennas.
Seamless and continuous beam steering can be achieved by changing Af and the
phase increment of each antenna channel. b Generalized principle of a linear
antenna array. The electromagnetic waves interfere constructively at the phase

antenna

potential to support large-scale PAAs by exploiting a large number of
comb lines. We present proof-of-concept frequency-comb-steered
quasi-TTD beamformers with both one-dimensional (1D) and two-
dimensional (2D) arrays. A 1x16 linear beamformer and a 4x4 planar
beamformer are realized, demonstrating squint-free beamforming
across the entire Ku band (12-18 GHz). By leveraging the ultra-large
instantaneous bandwidth of 6 GHz, we have successfully demon-
strated joint high-resolution inverse synthetic aperture radar (ISAR)
imaging and high-speed communication with the linear quasi-TTD
beamformer, achieving an imaging resolution of 2.6 x3.0cm and a
communication data rate of 4.8 Gbps.

Results

Principle of frequency-comb-steered linear quasi-TTD
beamformer

The generalized principle of a linear PAA is depicted in Fig. 1b. The
electromagnetic field intensity reaches its peak at the phase front with
a distance R and an angle 6g, provided that the following condition for
constructive interference is met

@it —R/O=@y(t —R/c—Tp)=...=@y[t —R/c—(N-D15] (1)

Here, @;(t) withi=1,2, ..., N represents the instantaneous phase of
the field from the i-th antenna; c is the speed of light; ; is the differ-
ential time delay between adjacent antennas, given by 73 =d sin6;/c
where d is the antenna spacing. For beamforming of LFM signals with
traditional phase-shifter-based PAAs, the instantaneous phase of each

Array

LFM signal

front perpendicular to the beam direction. Comparison between a conventional
phase-shifter-based array (c) and the proposed frequency-diverse quasi-TTD
beamformer (d) for beamforming of LFM signals. The beam directions of different
frequencies are dispersed for the conventional array. In contrast, all the beam
directions are aligned to form a squint-free beam for the frequency-diverse quasi-
TTD beamformer.
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antenna element can be written as

@()=2n(fot +Kt2/2)+(i — DAp )

where f, is the instantaneous frequency at ¢ = O; «k is the chirp
rate; Ag@ is the differential phase shift between adjacent
antennas. The beam direction according to Eq. (1) is approxi-
mately given by

Op(R, t) ~ arcsin{ Ap C} 3)

2n(f, +k(t —R/c)d

Obviously, the beam direction is range- and time-dependent (and
therefore also dependent on the instantaneous frequency; see Fig. 1c).
However, if a linear frequency offset is simultaneously introduced
across the antenna array, the instantaneous phases are given by

@i(t)=2m(fot +kt?/2) +(i — DQmAft + Ap) 4)

where Af is the frequency increment. The instantaneous frequency at
t=0 for the i-th channel is thus f;=f, + (i — 1)Af and the additional
phase shift for the i-th channel is Ag; = (i — 1)A@. It can be verified that
the beam direction will be time-invariant if the following conditions are
satisfied

Af=kty and A@=2nf,Ty 5)

The beam direction is given by

. Afc
= 6
0 = arcsin d (6)

Beam scanning can be achieved simply by changing Af and Ag. It
should be noted that the LFM signal may have a very large instanta-
neous bandwidth. Nevertheless, similar to a delay-line-based TTD
beamformer, there is no beam squint at all instantaneous frequencies
in this configuration, as illustrated in Fig. 1d (see Supplementary Note 1
for the derivation of far-field beampatterns of the linear quasi-TTD
beamformer).

Constructing a large-scale frequency-diverse array tradition-
ally demands an extensive array of electronic mixers and syn-
chronized local oscillators (LOs), each operating at distinct
frequencies. This approach is not only complex but also con-
sumes significant power. To surmount these challenges, we
employ a massively parallel photonic microwave mixer array that
leverages dual optical frequency combs. As depicted in Fig. 1a,
the dual-comb configuration comprises two optical frequency
combs with slightly different repetition rates. One comb is
modulated by the microwave signal, while the other acts as the
LO comb. Upon combining the two combs, the comb line pairs
are demultiplexed and detected by an array of photodetectors
(PDs), generating a series of microwave signals with linearly
increasing frequencies and phase offsets. For the i-th channel, the
instantaneous microwave phase compared to the first channel is
given by

A@;=(i — 1)2mAft + Ap) @)

where Af is the difference in comb repetition rates and Ag is the initial
phase offset at ¢=0. In addition to significantly reducing hardware
complexity, the dual-comb-based photonic microwave mixer array
boasts another notable advantage - the frequency conversion is
inherently synchronized across channels. This synchronization is a
natural consequence of the mode-locking properties inherent to
optical frequency combs.

Seamless squint-free beamforming of ultra-wideband LFM
signals

The experimental setup of a 16-element frequency-comb-steered lin-
ear quasi-TTD beamformer is shown in Fig. 2a. We employ electro-
optic (EO) combs for the dual-comb heterodyne mixing scheme.
Among the various techniques for frequency comb generation’*?, EO
combs stand out for their exceptionally flat spectral profile and the
capability to adjust the repetition rate with great flexibility, making
them ideal for frequency-diverse array applications?®*. A continuous-
wave (CW) laser serves as the seed light which is split into two distinct
paths—the signal path and the LO path—to create dual EO combs. The
combs are produced using an intensity modulator (IM) followed by a
phase modulator (PM). In the signal path, the modulators are driven by
a single-tone microwave at f; =31 GHz. Subsequently, the generated
signal comb is modulated by a 2-8 GHz LFM microwave signal through
carrier-suppressed single-sideband (CS-SSB) modulation. In the LO
path, the CW light is frequency-shifted by f g =10 GHz through CS-
SSB modulation. Then the modulators are driven by a single-tone
microwave at fpp, = (31+ Af)GHz to generate the LO comb. The signal
and LO combs are merged, demultiplexed, and detected by a PD array.
The frequency of the generated LFM signals is upconverted to the
12-18 GHz range, covering the entire Ku band. These signals are sub-
sequently directed to a 16-element Vivaldi antenna array with an ele-
ment spacing of 9.4 mm, as shown in the inset of Fig. 2a. It is worth
highlighting that our dual-comb scheme seamlessly integrates pho-
tonic microwave frequency up-conversion with beamforming, thereby
substantially diminishing the reliance on high-frequency electronic
components. Moreover, the system can be easily upgraded to the
millimeter wave and terahertz bands by employing readily available
larger-bandwidth modulators and PDs.

Figure 2b shows the optical spectrum of the combined dual
combs, as measured at the input of the wavelength demultiplexer.
Over 16 pairs of comb lines are generated within a 3-dB bandwidth. The
sharper teeth represent the LO comb, while the wider teeth represent
the signal comb modulated by the LFM signal. Sixteen pairs of comb
lines highlighted in Fig. 2b are selected for beamforming. To illustrate
the principle of frequency-comb-steered beamforming, the experi-
mental results of beam steering at angles of -30°, -15°, 0°, +15°, and
+30° are shown in Fig. 2c-e, respectively. The pulse width of the
transmitted 12-18 GHz LFM signal is 20 ps, corresponding to a chirp
rate of 0.3 GHz/ps. To steer the beam direction, the relative fre-
quencies and initial phase offsets of the two microwave tones that
drive the dual combs are adjusted in accordance with Eq. (5). The
resultant frequency and phase offsets for each channel, compared to
the 9" channel, are depicted in Fig. 2c, d. The far-field waveforms of the
antenna array are captured with a high-gain Vivaldi horn antenna
positioned at various angles and are subsequently recorded by a real-
time oscilloscope. The beam patterns at different frequencies are then
obtained by performing the Fast Fourier Transform (FFT) on the
received signals. The results at 15 GHz are shown in Fig. 2e, clearly
illustrating the system’s capability for agile beam steering. The
reduction in beam power at angles that deviate from 0° can be ascri-
bed to the non-omnidirectional radiation pattern of the antenna array
elements (see Supplementary Note 3). It is worth noting that, in a dual-
comb structure, when one comb (e.g., the signal comb) is fixed,
adjusting the repetition frequency and initial phase of the other comb
(e.g., the LO comb) directly changes the repetition rate difference Af
and initial phase offset Ag. Therefore, one can easily manipulate the
beam direction by simply altering the frequency and phase of the
microwave tone that drives one of the two combs (i.e., frp; OF frp2)-
This configuration presents a significant simplification compared to
the conventional delay-line-based TTD beamformer, which requires
individual control of the delay for each channel.

Figure 3 illustrates the beamforming performance across a wide
bandwidth. The beamforming results for the directions of +30°, 0°,
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Fig. 2 | Demonstration of the frequency-comb-steered linear quasi-TTD
beamformer. a Experimental setup. Dual-frequency combs (i.e., signal comb and
LO comb) are generated with cascaded modulators. The signal comb is modulated
by an intermediate-frequency LFM signal, while the LO comb is frequency-shifted
through carrier-suppressed single-sideband (CS-SSB) modulation. The dual combs
are then amplified, demultiplexed, and heterodyned to generate microwave signals
that feed a 16-element Vivaldi antenna array. The inset shows the antenna’s picture.
EDFA erbium-doped fiber amplifier, WDM DEMUX wavelength division

Farfield Direction (°)

multiplexing demultiplexer, Opt Freq optical frequency, Tx transmitter.

b Spectrum of the dual combs. The highlighted 16 channels are used for beam-
forming. ¢, d Frequency and phase offset of the transmitted LFM signals in each
channel, compared to the 9th channel. Freq., frequency. e Radiation patterns at the
instantaneous frequency of 15 GHz when the beam direction is -30°, -15°, 0°, +15°,
and +30°, respectively. The main lobes are highlighted. Angles from -30° to +30°
are indicated by both color and marker shape. Exp., experiment.
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Fig. 3 | Experimental results of ultrawideband beamforming and continuous

beam steering by the linear quasi-TTD beamformer. a-c Polar plots of radiation
patterns at 12 GHz, 15 GHz, and 18 GHz when the beam is steered to +30°, 0°, and
-30°, respectively. d-f Space-frequency contour plots that depict consistent beam
direction throughout 12-18 GHz. The experimental results (right) show remarkable

agreement with the simulations (left). g Time domain waveforms detected with a
receiving antenna placed in the beam direction when the beam is steered to -30°
and +30°, respectively. Arb. units, arbitrary units. h Demonstration of seamless
beam steering. The beam direction is scanned with an azimuth step of 1° in
experiments.

and -30° are detailed in Fig. 3a-c, respectively. Each subplot displays
the transient beam patterns at three distinct frequencies: 12 GHz,
15GHz, and 18 GHz. The alignment of the main lobes indicates the
absence of beam-squint issues. Furthermore, the space-frequency
contour plots presented in Fig. 3d-f demonstrate that the main lobe
direction is maintained consistently throughout the entire LFM
bandwidth, with a remarkable agreement between experimental and
simulation results. Figure 3g depicts the 12-18 GHz LFM signals
received at -30° and +30°. The waveform envelope remains con-
tinuous throughout the full 20-pus pulse duration, without obvious

fading, thereby further demonstrating the squint-free beamforming
characteristic. The minor variation of the envelope is attributed to the
broadband frequency response of the transmitting and receiving
antennas (see Supplementary Note 3).

An additional noteworthy advantage of the dual-comb-based
beamformer is its ability to continuously scan the beam direction by
simply adjusting the frequency and phase offset of the microwave
source that drives one of the two combs. Figure 3h shows the result of
beam steering with a step of 1°. The microwave frequency shift needed
to adjust the beam direction by 1° is approximately 157 Hz. Finer
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Fig. 4 | Demonstration of the frequency-comb-steered two-dimensional quasi-
TTD beamformer. a Experimental setup. Four CW lasers are multiplexed and seed
the generation of signal and LO combs. In the signal path, the signal comb is
modulated by an intermediate-frequency LFM. In the LO path, two stages of EO
comb generators are employed, responsible for the generation of x- and y-axis LO

combs. The dual combs are then amplified, demultiplexed, and heterodyned to
generate LFM signals that feed a 4x4 microstrip antenna array. b Optical spectra of
the four sets of dual combs. The sixteen highlighted channels are selected for the
beamforming test.

steering steps, such as 16 Hz frequency adjustment for a 0.1° beam
steering, can also be easily achieved by modifying the microwave
source frequency. The maximum frequency shift required for beam
steering across a range of —30° to +30° is around 9.4 kHz, well within
the capabilities of current electronic systems. This straightforward
tunability, coupled with ultra-high resolution, greatly reduces the
complexity of the beam control system. In contrast, a traditional 16-
element TTD beamformer relying on binary delay lines would require
at least 9-bit resolution to steer the beam over the same —-30° to +30°
range with a 1° step®. This would entail at least 160 optical switches and
waveguides that require high-precision fabrication and control, posing
substantial challenges.

Frequency-comb-steered two-dimensional quasi-TTD
beamformer

One-dimensional PAAs are well-suited for air-defense radar and air-
traffic-control radar®. In some scenarios, such as satellite commu-
nications, two-dimensional (2D) PAAs are preferred. In this section,
we extend the quasi-TTD concept to 2D planar PAAs. In a 2D quasi-

Ag, and Ag, are applied across the array to form time-invariant
beams in both azimuth and elevation directions. For the (i, k)
channel, the instantaneous frequency at ¢=0 is thus
S =fo+(—DAf, +(k — DAf), and the additional phase shift is
A@ 1= —DA@, +(k —DA@,. It can be verified that the beam’s
elevation direction 6z and azimuth direction ¢y will be time-
invariant if the following conditions are satisfied

{

where 1 =d, sinfy cos@y/c and T, =d, sin by singy/c denote
the required differential time delay between adjacent antenna ele-
ments along the x and y axes, with d, and d, representing the corre-
sponding element spacings. In this case, the beam direction (85, ) is

given by
0= arcsin[ (ifT‘f) * (%)2]

2
Afy

Afx =KTg, x A(ox = anOTB,X

8
Afy=ktg,y, A@,=2nf(Tg ®)

TTD configuration, linear frequency and phase offset should be Moc ®
simultaneously introduced along both the x and y axes. The fre- Pp= arctanz(ﬁ, ,{df)

quency increments Af, and Af,, together with phase increments
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Fig. 5 | Experimental results of ultrawideband beamforming by the two-
dimensional quasi-TTD beamformer. a Measured far-field radiation patterns at
12,15, and 18 GHz when the beam is steered to (13°,16°), (0°,0°), and (9°, -18°),
respectively. The consistent main lobe direction confirms the squint-free beam-
forming capability of the proposed 2D quasi-TTD architecture. b The received LFM
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waveform at the beam direction of (13°,16°). ¢ Coordinate-frequency contour plots
for the (13°,16°) beam, representing its projection onto the receiving plane. The
location of the beam maxima along both the x and y axes remain nearly consistent
throughout 12-18 GHz.

Beam scanning can be achieved by simply changing Af, Af ), A,
and Ag,. This 2D quasi-TTD beamforming preserves the squint-free
beamforming capability across the entire signal bandwidth, analogous
to delay-line-based TTD implementations (see Supplementary Note 2
for the derivation of 2D far-field beampatterns).

Conventional 2D TTD schemes are typically realized by stacking a
1D array along the other dimension®*, with a dramatically increased
hardware complexity. To address this challenge, we propose a
wavelength-multiplexed dual-comb scheme for 2D beamforming, as
shown in Fig. 4a. The PAA is a 4x4 microstrip array antenna with ele-
ment spacings of 9.4 mm along both axes. Four equally spaced CW
lasers (spaced by Af.=400 GHz) are multiplexed and seed the gen-
eration of both signal and LO combs. In the signal path, the signal
combs are generated with fyr; = 31 GHz, which are then modulated by a
2-8 GHz LFM microwave signal. The resulting signal comb has four
sets of modulated combs, each corresponding to one row of the planar
array. In the LO path, each CW wavelength is frequency-shifted by
Jfnifre =10 GHz and passed through two EO comb generation stages. In
the first stage, the modulators are driven at fy, =(31+Af,)GHz to
generate the x-axis LO combs. A periodic filter with a free spectral
range of (Af.+frr)GHz selects one comb tooth per wavelength,
which subsequently seeds the second stage, generating the y-axis LO
comb at frp; =(31+ Af)GHz. The signal and LO combs are then com-
bined, producing four sets of dual combs. They are subsequently
demultiplexed and heterodyned, generating LFM signals covering the
12-18 GHz range. It is found that the differential fiber length drift
between the signal and LO combs can cause microwave phase drift. A
fiber stretcher and a feedback controller are thus used to stabilize the
fiber (not shown)®.

Figure 4b shows the optical spectra of the four dual-comb sets, as
measured at the input of the wavelength demultiplexer. In each set of

dual combs, four pairs of comb teeth (highlighted) are selected to feed
elements in a row of the planar array. A total of 16 pairs of comb teeth
are selected for 4 x4 2D beamforming. For the (i, k) array element,
which is fed by the i-th channel of the x-axis dual combs and the k-th
channel of the y-axis dual combs, the instantaneous microwave phase
compared to the (1,1) channel is given by

MA@ =i — )(2mAf,t +Ag,) + (k- 1) <2nAfyt + A(py> (10)

The far-field waveforms are captured, and the beam patterns at
different frequencies are evaluated. Figure 5a presents the beam-
forming results for three arbitrarily selected directions: (13°,16°),
(0°,0°), and (9°, -18°). For each direction, the far-field radiation pat-
terns at 12, 15, and 18 GHz are plotted. As shown, the main lobe remains
aligned in both azimuth and elevation, confirming the absence of beam
squint. Figure 5b shows the received LFM waveform when the beam is
steered to (13°,16°). Analogous to the linear array depicted in Fig. 3g,
there is no obvious power fading effect. Figure 5c displays coordinate-
frequency contour plots for the (13°,16°) beam, representing its pro-
jection onto the receiving plane (0.3 m away from antenna array). The
location of the beam maxima remain nearly consistent along both the x
and y axes throughout the entire LFM bandwidth, further confirming
the squint-free beamforming performance.

Integrated radar imaging and communication

Integrated sensing and communication (ISAC) technology** ™ is gar-
nering increasing interest due to its significant potential in applications
such as unmanned vehicles, smart homes, and the Internet of
Things*~*. In this section, we present the capabilities of our frequency-
comb-steered ultrawideband beamformer for the dual functions of
high-resolution ISAR imaging and high-speed communication. The
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dual-function waveform we utilized for ISAC is constant envelope (CE)
linear frequency modulation with orthogonal frequency division
multiplexing (LFM-OFDM)***, This waveform leverages the pulse
compression benefits of broadband LFM signals and the multipath
resistance of OFDM. By embedding real-valued OFDM symbols onto
the phase of the LFM carrier, the CE-LFM-OFDM modulation scheme
generates waveforms with a constant envelope, effectively preventing
nonlinear distortions in power amplifiers*>**,

The experimental configuration is depicted in Fig. 6a. To
demonstrate the dual-function capability of the proposed archi-
tecture, the following ISAC experiments are conducted using the 1D
quasi-TTD beamformer. The CE-LFM-OFDM waveform, operating in
the 12-18 GHz LFM band with a symbol rate of 800 Mbaud and 64-
QAM modulation (corresponding to a bit rate of 4.8 Gbps), is trans-
mitted by the frequency-comb-steered linear PAA. An imitated radar
target, comprising a four-point scatterer assembly mounted on a
rotating pedestal, is positioned 1.5 m away from the linear PAA. For
imaging purposes, a receiving horn antenna is positioned next to the
PAA transmitter, while another horn antenna is placed near the target
for communication. The transmitted and received CE-LFM-OFDM
waveforms are shown in Fig. 6b, c, with the received waveform cap-
tured by the communication receiver. For imaging, a photonic de-
chirp scheme is employed to capture the radar echoes. It performs
optical mixing of the echoes with the transmitted radar signal, pro-
ducing a demodulated signal at a frequency of MHz level***. The
resulting target image, captured when the beam is directed at 0° and
-30° respectively and the target is aligned with the beam, is shown in
Fig. 6d, e. Four distinct scatterers are clearly visible with a spatial
resolution of 2.6 x 3.0 cm. Concurrently, the demodulated constella-
tion of the communication data is depicted. The error vector magni-
tudes (EVMs) are 5.4% and 7.8% for the beam angles of 0° and -30°,
respectively, complying with the maximum permissible EVM of 8.0% as
stipulated by the 3rd Generation Partnership Project (3GPP) for 64-
QAM modulation. As anticipated, both ISAR imaging and symbol
recovery are unsuccessful when the target and the communication
receiver are positioned outside the beam’s coverage area. It should
be noted that the OFDM modulation breaks the perfect LFM phase
relations, thus may potentially cause degradation of the beam pat-
terns. A detailed numerical investigation is presented in Supplemen-
tary Note 4.

The variation of EVMs in relation to the radar bandwidth and
symbol rate is shown in Fig. 6f, g, respectively. All tests were conducted
with the carrier LFM centered at 15 GHz. Each box chart represents
measured EVMs of 30 consecutive CE-LFM-OFDM pulses. As can be
observed, the LFM bandwidth for radar imaging has a negligible
impact on the communication EVM at the tested data rates. For a fixed
radar bandwidth, the EVM increases as the symbol rate rises, as shown
in Fig. 6g. This increase is primarily due to the reduced energy per bit at
higher symbol rates, leading to a lower signal-to-noise ratio (SNR) per
bit and a degradation in demodulation accuracy. Higher SNR and lower
EVM are within reach by using microwave amplifiers with higher gain at
the transmitter.

Discussion

In conclusion, we have demonstrated a frequency-comb-steered delay-
line-free quasi-TTD beamforming approach capable of broadband
beamforming with infinite steering resolution. The proposed approach
is validated in both 1D and 2D, employing a 16-element linear array and
a 4 x4 planar array, respectively, for squint-free beam steering of
12-18 GHz LFM signals. Furthermore, by leveraging the 1D system, we
successfully demonstrated integrated ISAR imaging and communica-
tions, achieving a high imaging resolution of 2.6 x3.0 cm and a data
rate of 4.8 Gbps with 64-QAM, 800 Mbaud CE-LFM-OFDM signals.
These results highlight the system’s versatility for emerging multi-
functional applications that demand wideband beamformers.

LFM waveforms are widely used in modern radar systems® and
are gaining increasing prominence in emerging applications such as
autonomous vehicles*® and the Internet of Things®. Their large time-
bandwidth product, resilience to interference, and compatibility with
de-chirp processing make them a practical and robust choice in
both legacy and forward-looking systems. In this context, although
the proposed quasi-TTD beamformer is closely related to the char-
acteristics of LFM and not applicable to arbitrary waveforms, a
wide range of applications can still benefit from this novel approach.
Besides, with microwave photonic technology, high-quality ultra-
wideband LFM waveforms can be synthesized and processed with
low-speed electronics***°, making it possible to achieve high-
performance ISAC.

To further highlight the advantages of the proposed beam-
forming architecture, Table 1 presents a quantitative comparison
with state-of-the-art photonic TTD beamformers reported in the
literature. The advantages of our frequency-comb-steered quasi-
TTD approach are multifold. Firstly, the scale of our antenna array is
directly related to the number of comb lines. The number of comb
lines can be further increased by leveraging EO modulators with
lower half-wave voltage’* and nonlinear spectrum expansion
techniques. Generation of hundreds to thousands of comb lines has
been demonstrated, covering the S + C + L band (1460-1625 nm)>*™,
Large-scale antenna arrays can thus be supported without a sig-
nificant increase in hardware complexity. Although our architecture
employs additional RF components for EO comb generation, the
number of them does not scale with the array size. These benefits
become increasingly pronounced for large-scale arrays, where
conventional TTD beamformers demand a proportionally growing
number of delay components. Secondly, the effective time delay of
our approach can be tuned by tuning the frequency shift applied to
each channel. Ultra-large time delays beyond the capability of con-
ventional delay lines can be easily achieved. Moreover, the micro-
wave amplitude is intrinsically uncorrelated with the time delay. This
is in sharp contrast to the delay-line-based method, for which the
loss is generally higher with larger delay, and an additional equal-
ization stage is thus required. Thirdly, the beam direction can be
scanned continuously by simply tuning one microwave source in the
1D beamforming case or two sources in the 2D beamforming case.
This convenience greatly reduces the challenges of beam control in
comparison to a conventional delay-line-based beamformer, for
which tens to hundreds of switches need to be synchronously con-
trolled, and their bias drifting and crosstalk issues should be care-
fully addressed.

Our current experimental demonstration is based on discrete
components. Future work will focus on miniaturization and integration
of the system. Recent advances in integrated photonic circuits may
facilitate the hybrid integration of laser sources®®, modulators”,
amplifiers®®, and PDs* onto a single chip, paving the way for compact,
power-efficient implementations suitable for mobile or space-
constrained platforms®®®’, With these improvements, the proposed
frequency-comb-steered quasi-TTD beamformer can readily be an
efficient and scalable solution for broadband applications, meeting the
growing demand for high-frequency, large-scale arrays in next-
generation radar and communication systems.

Methods

ISAR imaging

The radar ISAR imaging is carried out by transmitting a sequence of
pulses of a CE-LFM-OFDM signal. The emulated target is a four-
scatterer assembly (containing four metallic balls) mounted on a
rotating pedestal with a rotational speed of 2.4 rev/s. The target is
positioned 1.5m away from the beamformer. A photonic radar de-
chirp receiver*** is used to capture the echoes. An unused pair of
comb lines, from one output of the demultiplexer, is used as
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Radar Bandwidth (GHz)

Fig. 6 | Integrated radar imaging and communication with the frequency-
comb-steered quasi-TTD beamformer. a Experimental setup. The radar receiver
is co-located with the PAA transmitter, while the communication receiver and the
4-point scatterer are positioned 1.5 m away. The communication receiver collects
signals by a Vivaldi horn antenna. After being amplified and filtered, the received
signals are digitized by a DSO, followed by demodulation of communication
symbols in a computer. LNA low noise amplifier, BPF bandpass filter, DSO digital
storage oscilloscope. Spectrograms and waveforms of the 12-18 GHz, 800 Mbaud,
64-QAM CE-LFM-OFDM signal. The transmitted (b) and received (c) signals were
acquired at the input of the 9th antenna and at the output of the BPF in the
communication receiver, respectively. Results of ISAR imaging and communication
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EVM when the beam direction is 0° (d) and -30° (e), respectively. Instances where
the target and communication receiver are either aligned with the antenna beam
(upper) or misaligned (lower) are depicted. f Communication EVM versus radar
bandwidth with different communication rates. g Communication EVM versus
communication rate with different radar bandwidths. Each box plot in f and

g shows the median (central line), the lower (25th percentile) and upper (75th
percentile) quartiles (box edges), and data within 1.5 times the interquartile range
(IQR). The IQR, defined as the difference between the upper and lower quartiles,
captures the middle 50% of the data. Whiskers extend to the minimum and max-
imum values within this range, while data points beyond 1.5xIQR from the quartiles
are outliers and thus not shown.

an optical reference in the de-chirp receiver. The transmitted radar
signal is optically mixed with the received target echoes by using
an optical intensity modulator to generate a de-chirped intermediate
frequency (IF) signal in the MHz frequency band. The IF signal is
then amplified, filtered, and recorded by an oscilloscope for sub-
sequent processing. To reconstruct the ISAR image, a two-

dimensional Fourier transform approach is used®. First, an in-pulse
FFT is performed to obtain the target’s range profile. Next, an inter-
pulse FFT is applied to extract azimuth information by analyzing the
Doppler frequency shifts across successive pulses. Each frame of the
target’s two-dimensional ISAR image is generated by processing
1200 pulses.
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Table 1| Quantitative comparison of state-of-the-art photonic TTD beamformers

Structure Dimension Channel Number of key TTD Number of beam Delay range (ps) RF Fre- Antenna
number components angles quency (GHz) experiment
OSDL®® 1D 16 112xSwitches 9-~17° 0-~201.6 40 No
Anti- 1D 8 36xMRRs Continuous 0-~560 8 No
resonant MRR"
Comb + 1D 81 1xKerr comb, 1xSMF 1~27° 0-~1184 17 No
dispersion®®
AWG®’ 1D 8 1x(1x8 AWG), 8 0~278 12 No
1x(23x23 AWG)
MZI mesh®® 1D 4 26xTunning points 9 0-~134.9 10 No
Comb + 1D/2D 287 [ 7x4 1xKerr comb, 5/1x5 0~6886.9 18.5 No
dispersion” 2x (1x5 switches),
1x 7-core fiber
MZDI"® 1D 4 4xMZDls Continuous 0-~50 28 Yes
Tunable FBG® 2D 2x2 2xMulti-channel FBGs Continuous -82.8~103.1 10 No
FMF-FBG* 2D 2x3 3xFMF-FBG 7 4.82 ~57.61 6 Yes
Dual Combs 1D/2D 16 / 4x4 2xEO combs (1D) Continuous Large® 21° Yes
(this work) 3xEQ combs (2D)

OSDL optical switch-based delay line, MRR micro-ring resonator, AWG arrayed waveguide grating, MZI Mach-Zehnder interferometer, MZDI Mach-Zehnder delay interferometer, FBG fiber Bragg

grating, FMF few-mode fiber.
2The number of addressable angles varies with the number of channels used.

"The effective time delay of our approach can be tuned by tuning the frequency shift applied to each channel. Ultra-large time delays beyond the capability of conventional delay lines can be easily

achieved.

°Although the LFM frequency range in our demonstration is 12-18 GHz, the maximum achievable bandwidth of the dual comb mixing scheme is equal to the comb repetition rate (31 GHz) minus the

transition band of the WDM demultiplexer (10 GHz). The result is 21 GHz.

CE-LFM-OFDM modulation and demodulation

To generate the CE-LFM-OFDM signal, the inverse discrete Fourier
transform (IDFT) is first used to generate the time-domain samples of
each OFDM frame carrying Nqoaw data symbols. A conjugated symmetric
data vector is constructed as the input to the IDFT to ensure real-valued
OFDM". The size of IDFT is given by Nppr=2Ngam+Nzp+2=1024,
where Nzp is the number of zero-padding points added for over-
sampling. A cyclic prefix is inserted into each OFDM symbol to mitigate
inter-symbol interference. The IDFT output is then modulated onto the
phase of the LFM signal, with a phase modulation index of 0.5. The
memory phase is introduced in phase modulation to achieve smooth
phase transitions and minimize spectral leakage®. At this point, the CE-
LFM-OFDM waveform is complete and ready for transmission. In the
receiver, the demodulation process is the inverse of modulation. First,
the received CE-LFM-OFDM signals are down-converted to the base-
band, followed by phase demodulation to extract the real-valued OFDM
symbols with cyclic prefixes. The cyclic prefixes are then removed, and
the discrete Fourier transform (DFT) is performed to recover the QAM
symbols carried by the subcarriers. Frequency-domain equalization is
performed to correct the channel-induced distortions.

Data availability

The data that support the figures within the manuscript and Supple-
mentary Information are available in Zenodo database: https://doi.org/
10.5281/zen0d0.1650062064°%*.

Code availability
The codes used in this work are available from the corresponding
author upon request.
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