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Abstract—Photonics-based broadband multi-input multi-

output (MIMO) radar is a promising solution for high-resolution 

2D imaging. While the ultra-wide bandwidth enables centimeter-

level range resolution, it fundamentally conflicts with 

conventional narrowband beamforming, introducing severe 

beam squint and degrading angular accuracy. Although scanning 

time delay (STD)-compensated digital beamforming (DBF) can 

mitigate this issue, its point-by-point phase compensation imposes 

a computational burden, hindering real-time applications. To 

resolve this problem, this paper proposes a computationally 

efficient segmented DBF algorithm. Leveraging the time-

frequency mapping property of photonics-based de-chirped 

signals, the proposed algorithm divides the time-domain echo into 

sub-segments equivalent to frequency sub-bands. This allows for 

parallel narrowband processing that effectively eliminates beam 

squint and suppresses grating lobes without the heavy 

computational cost of STD compensation. The system is 

experimentally validated using a 2×4 photonics-based MIMO 

radar with an 8 GHz bandwidth. Results demonstrate a range 

resolution of 2.04 cm and an angular resolution of 1.0°. Notably, 

the proposed algorithm achieves an imaging speed 7.1 times faster 

than the STD-compensated DBF algorithm while maintaining 

comparable imaging quality.  

 
Index Terms—photonics-based broadband radar, multi-input 

multi-output (MIMO), digital beamforming (DBF), beam squint, 

fast imaging. 

I. INTRODUCTION 

adar  systems play a crucial role in modern military 

and civilian applications [1]–[5]. With the increasing 

deployment of clustered targets in recent years, radar 

systems are required to discriminate multiple closely spaced 

targets [6]. Conventional radar systems, however, often 

struggle with this task due to their inherent resolution 

limitations [7], [8]. Recently, photonics-based radar systems 

[9]–[14] have emerged as a promising solution, demonstrating 

exceptional performance in achieving high range resolution. 

For instance, one implementation [12] leverages photonic 

frequency quadrupling and de-chirping techniques for 

broadband signal generation and processing, achieving a 
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centimeter-level range resolution of 1.875 cm. 

To extend this high resolution to the 2D spatial domain, 

many photonics-based systems rely on the inverse synthetic 

aperture radar (ISAR) principle [13], [15]. Although ISAR can 

provide high-resolution 2D imaging, it relies on target motion 

to synthesize the aperture, limiting its applicability to static or 

slowly moving scenes. To enable imaging independent of 

target motion, array architectures are required [16], [17]. In 

particular, multi-input multi-output (MIMO) arrays have 

garnered significant interest, as they synthesize a large virtual 

aperture using a reduced number of physical antennas, thereby 

optimizing system cost and complexity [18]. The integration 

of MIMO array principles with photonics-based broadband 

radar thus presents a compelling route to achieve high-

resolution 2D imaging simultaneously in both the range and 

angular domains [19]. For clustered small-target scenarios, 

improved range and angular resolutions enable the radar to 

distinguish closely spaced targets more effectively. 

Meanwhile, fast 2D imaging is essential for real-time 

detection, motivating a broadband MIMO imaging method that 

combines high resolution with high computational efficiency. 

However, as the operating bandwidth of photonics-based radar 

expands, the narrowband assumption in conventional 

beamforming models becomes invalid. Consequently, the 

direct application of narrowband beamforming to broadband 

signals results in beam squint and a significant degradation of 

imaging performance [20], [21].  

To mitigate beam squint, various approaches have been 

explored. In the analog domain, optical true-time delay (TTD) 

techniques, including fiber grating delay lines and integrated 

optical TTD modules, offer a potential solution to mitigate 

beam squint [22]–[24]. However, TTD implementations often 

suffer from high complexity, cost, and limited stability. 

Therefore, digital compensation algorithms have emerged as 

flexible and reconfigurable alternatives. They eliminate the 

need for physical delay lines and facilitate fully digital 

beamforming (DBF) [25], [26]. A common approach involves 
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transforming the received echoes into the frequency domain 

via an FFT, performing beamforming there, and then applying 

an IFFT to recover the time-domain signal. While effective for 

directly sampled broadband radars, these frequency-domain 

methods are generally unsuitable for the de-chirped 

architectures prevalent in microwave photonic array radars. To 

address this gap, the scanning time delay (STD)-compensated 

DBF algorithm was proposed for de-chirp-based microwave 

photonic array radars [27]. By performing point-by-point 

phase compensation in the de-chirped domain, this algorithm 

ensures consistent steering vectors across the bandwidth, 

effectively eliminating beam squint. Nevertheless, its 

computational burden increases with the number of array 

elements and fast-time samples. This scaling poses a major 

bottleneck for real-time imaging applications, especially in 

broadband MIMO radar systems with large virtual apertures. 

In this work, a microwave photonic broadband MIMO radar 

system [28] is implemented and experimentally demonstrated. 

This system integrates photonic frequency quadrupling for 

broadband signal generation and photonic frequency de-

chirping for efficient signal processing. Building upon this 

high-resolution architecture, we propose a segmented DBF 

algorithm tailored to enable fast, beam squint-free 2D imaging. 

The proposed method exploits the time-frequency mapping 

property of de-chirped linear frequency modulated (LFM) 

signals. By dividing the broadband signal into multiple sub-

segments in the time domain, the algorithm effectively 

partitions the signal into narrowband sub-bands. This 

segmentation enables accurate squint correction and allows for 

parallel processing, drastically reducing computational 

complexity. Experimental evaluations are performed using a 

2×4 microwave photonic MIMO radar with an 8 GHz 

bandwidth per channel. Experimental results in both single and 

multiple unmanned aerial vehicle (UAV) detection scenarios 

demonstrate that the system achieves range and angular 

resolutions of 2.04 cm and 1.0°, respectively. Furthermore, the 

segmented DBF algorithm is shown to effectively correct 

beam squint and suppress grating lobes, achieving an imaging 

speed 7.1 times faster than the STD-compensated DBF 

algorithm. 

II. SYSTEM ARCHITECTURE AND PRINCIPLE 

A. System Architecture 

The architecture of the implemented microwave photonic 

broadband time-division multiplexing (TDM) MIMO radar is 

illustrated in Fig. 1. The system comprises three main 

functional blocks: a photonic transmitter, a photonic receiver, 

and a synchronization unit and control unit. In the transmitter, 

a continuous wave (CW) optical carrier from a laser diode (LD) 

is modulated by a dual-parallel Mach-Zehnder modulator 

(DPMZM). Driven by a pair of orthogonal intermediate-

frequency linear frequency modulated (IF-LFM) signals 

(generated by an electrical signal generator, ESG), the 

DPMZM is biased to suppress the carrier and generate ±2nd-

order modulation sidebands. Here, the ±2nd -order sidebands 

are selected because their beating at the photodetector 

produces a frequency-quadrupled RF-LFM signal, thereby 

enabling broadband microwave signal generation from a 

lower-frequency electrical drive. This optical signal is 

amplified by an erbium-doped fiber amplifier (EDFA) and 

split into N+1 paths. One path feeds the transmission link, 

while the other N paths serve as optical reference signals for 

the coherent receivers. 
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Fig. 1. The system architecture of the microwave photonic broadband TDM-

MIMO radar. 

For transmission, the optical signal is converted to an 

electrical microwave signal via a high-speed photodetector 

(PD). A high-isolation RF switch (RFSW), synchronized with 

the radar pulse repetition interval (PRI), sequentially routes the 

signal to M transmit antennas in a time-division multiplexing 

(TDM) manner. This TDM scheme ensures orthogonality 

between channels, simplifying the hardware by eliminating the 

need for multiple simultaneous transmitters. Each transmit 

signal is then amplified by a power amplifier (PA) and filtered 

by a band-pass filter (BPF) to filter the frequency-quadrupled 

component prior to radiation. The radiated signal in the mth 

channel, after frequency quadrupling, has an instantaneous 

frequency of f = 4f0+4kt (0≤t≤Tw), expressed as  
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where f0, k, Tw, and Tp denote the starting frequency, chirp rate, 

pulse width, and pulse repetition period, respectively. The 

photonic frequency quadrupling technique enables efficient 

broadband signal generation, overcoming the bandwidth 

limitations inherent in electric methods. 

In the receiver, echoes captured by N antennas are amplified 

and fed into N individual Mach-Zehnder modulators (MZMs). 

These modulators mix the received RF echoes with the optical 

reference signals for photonic frequency de-chirping. Finally, 

for each of the M transmitted waveforms, a total of M×N de-

chirped signals are acquired. The de-chirped signals from the 

mnth (1≤mn≤MN) channel can be expressed as 
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where τ(m,n) denotes the propagation delay of the path from 

the mth transmit antenna to the nth receive antenna via the target 

reflection. The de-chirped outputs from all N receive channels 

are digitized in parallel by N analog-to-digital converters 

(ADCs) and transferred to the digital signal processing (DSP) 

unit for subsequent analysis. Since the ADCs sample the de-

chirped beat signals rather than the original broadband echoes, 

the required sampling rate is determined by the maximum beat 

frequency within the target detection range instead of the 

transmitted signal bandwidth. Thus, photonic frequency de-

chirping compresses the broadband echoes into the IF domain, 

significantly reducing the ADC sampling requirements. 

Meanwhile, the MIMO configuration enlarges the virtual 

aperture without adding physical antennas, thereby enhancing 

angular resolution. 

In the synchronization and control unit, a field-

programmable gate array (FPGA) supplies a common 

reference clock and a trigger to the ESG, ADCs, and the RFSW 

to guarantee synchronization. The reference clock 

synchronizes the frequency sources in the ESG and ADCs. 

Simultaneously, the trigger signal aligns the timing of radar 

pulse transmission (via the ESG and RFSW) and echo 

acquisition (via the ADCs).  

B. Signal Model of TDM-MIMO Array 
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Fig. 2. The geometric configuration of a TDM-MIMO radar system. 

As illustrated in Fig. 2, the TDM-MIMO radar employs a 

linear transmit array and a linear receive array, with adjacent 

Tx and Rx element spacings denoted by dtx and drx, 

respectively. A far-field point target is located at a reference 

range Rref and an angle θ0 with respect to the array broadside. 

Under the far-field assumption, the physical Tx-Rx array 

synthesizes an equivalent virtual array with MN elements [29]. 

Due to the TDM operation of the transmitter, echoes from 

different transmit antennas occupy distinct, non-overlapping 

time slots within each PRI. After serial-to-parallel conversion 

of the TDM data, the de-chirped signal for the mn-th virtual 

channel, corresponding to the m-th Tx and n-th Rx, can be 

modeled as 
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where the compact expression serves as the basis for 

subsequent range and angle processing. In Eq. (4), the key 

parameter τ(m,n), is determined by the spatial configuration of 

the array.  

According to the geometry in Fig. 2, the two-way 

propagation delay for the mnth virtual channel is given by 
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where d(m,n) is the spatial distance between the mnth virtual 

element and the first virtual element. By further substituting (4) 

into (3), the de-chirped signal for the mnth virtual element can 

be further written as 
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where the rectangular function rect(t,m,n) has an effective 

pulse width of Tw−(2Rref−2d(m,n)sin(θ0))/c. The phase term φ(t) 

contains the range information Rref, which can be extracted in 

the time domain via fast-time FFT. The phase term ψ(t,m,n) 

corresponds to the angle information θ0, which can be 

extracted in the virtual array domain through array signal 

processing. And the phase term ξ represents a fixed phase shift 

independent of time or array information. The residual term 

χ(m,n) is relatively small compared with the other phase terms 

and can thus be neglected. Thus, the de-chirped signal is 

approximated as 

 ( ) ( ) ( ) ( ) de' , rect , , cos , ,S t mn t m n t t m n    + +  (6) 

Assuming an ADC sampling rate of fs, with a corresponding 

sampling interval Ts = 1/fs, the MN de-chirped signals are 

digitized into MN discrete-time data. For each channel, the 

number of sampling points within a pulse width is L = Tw/Ts. 

The sampled signal of the mnth virtual channel can be written 

as 

 ( )  ADC

de de' , ' , ,1S t mn S l mn l L⎯⎯⎯→    (7) 

where l is the fast-time sample index. These digitized de-

chirped data form the input for the subsequent broadband array 

signal processing. For narrowband signals, conventional 

digital beamforming (DBF) can be directly applied to extract 

angular information. However, when processing broadband 

signals, conventional DBF suffers from beam squint, which 

severely degrades the quality and accuracy of the 2D imaging 

result. 

To address the beam squint problem, a STD-compensated 

DBF [27] algorithm was proposed for broadband array radar 

systems. This algorithm compensates for the beam squint 

effect by applying a phase correction term, -8πkΔτ(m,n,θq)t, to 

the received signals. 
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Fig. 3. The signal processing flow of broadband array radar with segmented DBF for 2D imaging. (a) De-chirped data from MN virtual channels. (b) De-chirped 

matrix after fast-time segmentation. (c) Angle spectrum after segmented DBF. (d) Final 2D imaging results. The imaging results are generated from simulated 

single-point-target data for illustration. 

This algorithm compensates for the beam squint effect by 

applying a phase correction term, -8πkΔτ(m,n,θq)t, to the 

received signals. This compensation ensures phase alignment 

across all virtual channels with respect to a reference channel, 

effectively synthesizing a time-delay response in the digital 

domain. For accurate imaging under far-field conditions, the 

exact expression of the aperture fill time Δτ(m,n,θq) is given as 

 ( )
( ) ( )2 , sin

, ,
q

q

d m n
m n

c


  =  (8) 

where θq denotes the scan angle at the qth scan angle. Thus, the 

accurately compensated signal matrix S'com(t,mn) can be 

written as 

 ( ) ( ) ( )( )com de' , = ' , cos 8 ,S t mn S t mn k m n t    (9) 

After compensation, broadband DBF can be performed as 

 ( ) com' =FFT ' , 'L Q MN QS t mn R A  (10) 

where FFT{·} denotes the fast-time FFT, and A'MN×Q is the 

steering vector matrix given by 
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The STD-compensated DBF algorithm provides a robust 

solution for mitigating beam squint and the associated beam 

broadening, thereby enabling precise imaging in broadband 

array radar systems. To establish a theoretical performance 

benchmark for the implemented system, its fundamental range 

and angular resolutions are derived. The theoretical range 

resolution, a direct consequence of the transmitted bandwidth, 

is given by 

 res
2

c
r

B
=


 (12) 

where c denotes the speed of light and B is the signal 

bandwidth [30]. Similarly, the theoretical angular resolution, 

enabled by the synthesized virtual aperture of the MIMO array, 

is expressed as 
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where θtar is the target angle, λc is the wavelength 

corresponding to the highest operating frequency, and D is the 

virtual array aperture [31]. While the STD-compensated DBF 

effectively eliminates beam squint and enables high-resolution 

imaging, it comes at a high computational cost. As indicated in 

[27], the compensation operation must be repeated for every 

time sample L and every scanning direction Q. For high-

resolution imaging requiring large L and Q, this computational 

burden becomes a significant bottleneck for real-time 

applications. 

C. Segmented DBF Algorithm for 2D Imaging 

To address the computational inefficiency of the STD 

method while maintaining squint-free performance, we 

propose the Segmented DBF algorithm. This approach 

leverages the intrinsic time-frequency mapping property of the 

de-chirped LFM signal.  

The phase shift is reflected in the phase term ψ(t,m,n) in 

equation (7), which contains the component −f0−kt+k×2Rref/c. 

Given that the modulation slope k is small, the term k×2Rref/c 

is negligible compared to f0 and can be omitted. Under this 

approximation, the phase term ψ(t,m,n) simplifies to 

 ( ) ( )
( ) ( )0

0

2 , sin
, , 2 4 +4

d m n
t m n k f kt

c


  −  (14) 

where the phase term ψ(t,m,n) varies linearly with the 

instantaneous frequency 4f0+4kt. In broadband systems, this 

frequency-dependent nature of the phase shift across the large 
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signal bandwidth is the fundamental cause of beam squint. 

Consequently, conventional narrowband DBF, which assumes 

a single frequency, becomes inadequate and leads to severe 

performance degradation. Although an STD-compensated 

DBF [27] can remove the beam squint by point-by-point 

correction, it is computationally heavy and unfavorable for 

real-time operation. To simultaneously achieve squint-free 

imaging and high computational efficiency, we propose a 

segmented DBF algorithm. 

As shown in Fig. 3 (a), the proposed segmented DBF 

algorithm begins by acquiring de-chirped data from MN virtual 

channels. Each virtual channel includes a time-domain 

sequence S'de[l,mn] of length L. These data are then 

reorganized into a de-chirped data matrix, SL×MN, where each 

column represents a virtual channel and each row a specific 

fast-time sample 
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where [·]T denotes the transpose operation. As illustrated in the 

accompanying 3D plot, the data exhibits amplitude variations 

across both the time and virtual channel dimensions. 

Then, as shown in Fig. 3 (b), the de-chirped matrix SL×MN is 

partitioned into P equal fast-time segments. Here, each 

segment contains L/P samples, where the number of samples 

L/P is required to be an integer. The pth segment is indexed by 

p = 1,2, …, P and denoted as X(L/P)×MN(p). Each segment 

X(L/P)×MN(p) is independently processed using conventional 

DBF. This generates an angle-spectrum submatrix H(L/P)×Q(p) 

for Q scan angles. The segmented DBF operation can be 

expressed as 
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where DBF{·} denotes the DBF operation applied to the pth 

segment X(L/P)×MN(p) at its center frequency fp. And the matrix 

AMN×Q(p) represents the steering vector corresponding to Q 

angular scan points and can be expressed as 
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where ϕp(mn,θq) denotes the phase shift associated with the 

mnth virtual channel and the qth scan angle in the pth segment. 

Here, θq represents the scan angle at the qth scan point used in 

the DBF processing, with q = 1,2, …, Q. For the implemented 

microwave photonic MIMO radar system in this work, the 

phase ϕp(mn, θq) can be further expressed as 
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where fp is the center frequency of the pth segment. To ensure 

the applicability of narrowband DBF processing within each 

segment, the sub-bandwidth B/P must satisfy the narrow 

condition. A common definition of narrowband signals is that 

if the bandwidth B divided by the starting frequency f0 is less 

than or equal to 10%, the signal can be classified as 

narrowband [32], [33]. Accordingly, segmented DBF must 

satisfy 
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After processing all P segments, the full angle-spectrum 

HL×Q is obtained by concatenating the sub-matrices along the 

fast-time dimension. As shown in Fig. 3 (c), the resulting 2D 

plot illustrates the energy distribution across the fast-time and 

angle dimensions, demonstrating how the segmented DBF 

reconstructs the complete angle-time response. The angle-

spectrum HL×Q can be expressed as 

 ( ) ( ) ( )0 , 1 , , 1L Q L L L
Q Q Q

P P P
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Finally, as shown in Fig. 3 (d), high-resolution 2D imaging 

is achieved by applying a 1-D FFT along the range dimension 

of the angle-spectrum matrix HL×Q, yielding the final 2D 

imaging result RL×Q 

  FFTL Q L Q =R H  (21) 

The corresponding range-angle map clearly demonstrates 

that the proposed algorithm achieves beam-squint-free and 

high-resolution 2D imaging. 

It is worth emphasizing that this segmentation strategy can 

be regarded as a time-domain equivalent of channelization 

enabled by the time-frequency mapping of the de-chirped 

signal. Unlike conventional channelized radar receivers that 

divide a broadband signal in the frequency domain, the 

proposed method partitions the de-chirped IF signal directly in 

the fast-time domain. This avoids additional frequency-

domain channelization hardware and relaxes the ADC 

sampling requirement while mitigating beam squint. The 

proposed method can also be extended to other waveforms 

with known time-frequency relationships, such as triangular 

LFM and stepped-frequency waveforms, by adapting the 

steering vector to the center frequency of each segment. This 

approach yields three significant advantages over prior arts. 

First, by adapting the steering vector frequency for each 

segment, the algorithm inherently compensates for the phase 

errors across the wide bandwidth, effectively eliminating beam 

squint. Second, the division into shorter segments drastically 

reduces the matrix dimensions for beamforming and facilitates 

parallel processing, thereby achieving a substantial 

acceleration in imaging speed compared to the pixel-by-pixel 

STD compensation. Third, the method provides inherent 

grating lobe suppression. In a broadband sparse array, the 

apparent angular location of grating lobes is varied with 

frequency. Since each sub-band is processed at its own center 

frequency, only the energy from the true target (main lobe) 

aligns coherently across all sub-bands after DBF and fast-time 

FFT, constructively integrating into a sharp peak. In contrast, 

the energy from grating lobes fails to align coherently, 
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becoming smeared across multiple range-angle cells in the 

final image and thus being significantly attenuated. 

III. EXPERIMENT DEMONSTRATION 

In this section, an experiment is carried out to evaluate the 

performance of the implemented microwave photonic MIMO 

radar system. The analysis is structured as follows: Section III-

A details the experimental setup. Section III-B provides a 

comparative analysis of imaging results obtained with 

different DBF algorithms. Section III-C assesses the achieved 

range and angular resolutions. Section III-D demonstrates the 

multi-target detection capability. Finally, section III-E 

evaluates computational efficiency.  

A. Experimental Setup 
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Fig. 4. The system setup of the microwave photonic broadband TDM-MIMO 

radar. 

The experimental setup of the microwave photonic 

broadband TDM-MIMO radar is illustrated in Fig. 4. The 

transceiver array antennas (MT-BDHA1018, 20 dBi gain), the 

PA module (Talent Microwave TLPA1G18G-40-33, 40 dB 

gain and 33 dBm P1dB), the LNA module (AT-LNA-0618-

5515X, 55 dB gain and 16 dBm P1dB), the ADC (Spectrum 

M2p.5943-x4), and the DSP together constitute the 

implementation of the photonic transmitter and photonic 

receiver. The microwave photonic TDM-MIMO radar 

internally incorporates the synchronization and control unit, 

which provides timing and system control for the overall radar. 

All modules are interconnected via coaxial cables with 

matched lengths and impedance to ensure stable signal 

transmission. Additionally, the transceiver array adopts a 

linear array configuration with 2 transmit antennas and 4 

receive antennas. The two transmit antennas operate in a TDM 

mode, ensuring orthogonal transmission and channel 

separability at the receiver. The experimental platform is 

deployed in an outdoor environment to validate its 

performance under realistic conditions. 

The practical imaging performance is validated through an 

outdoor experiment using a DJI AIR 3 unmanned aerial vehicle 

(UAV) as a target, as shown in Fig. 5. A trihedral metallic 

corner reflector (7.7 cm × 7.7 cm × 7.7 cm) is mounted on the 

UAV to provide a stable, high-radar-cross-section (RCS) 

reference. All subsequent experiments and imaging 

verifications are performed based on this UAV configuration 

to ensure consistency in system validation. 

7.7cm

 
Fig. 5. The imaging target of UAV with a metallic corner reflector. 

TABLE I 

EXPERIMENTAL PARAMETERS CONFIGURATIONS 

Parameters Value 

Carrier frequency fc 10 GHz 

Bandwidth B 8 GHz 

Pulse width Tw 2 ms 

Pulse repetition period Tp 2.5 ms 

Number of Tx channel M 2 

Number of Rx channel N 4 

Tx antenna spacing dtx 60 cm 

Rx antenna spacing drx 15 cm 

Tx and Rx antenna spacing dtr 50 cm 

Sampling rate fs 10 MSa/S 

Sampling points L 20000 

Number of segment P 1000 

Minimum scanning angle θmin -20° 

Maximum scanning angle θmax 20° 

Scanning angle step Δθ 0.2° 

Scanning points Q 201 

The key experimental parameters are summarized in Table 

I. As configured, the generated broadband radar signal has a 

carrier frequency fc of 10 GHz, a bandwidth B of 8 GHz, a 

pulse width Tw of 2 ms, and a pulse repetition period Tp of 2.5 

ms. The Tx spacing is dtx = 60 cm, the Rx spacing is drx = 15 

cm, and the separation between the last Tx and the first Rx is 

dtr = 50 cm. This physical configuration yields M×N = 8 unique 

transmit-receive pairs, i.e., 8 virtual antenna elements. It is 

important to emphasize that the equivalent virtual array 

element spacing is larger than the minimum half-wavelength, 

calculated as λmin/2 = (c/fmax)/2 ≈  0.8 cm ≪ 15 cm. 

Consequently, applying conventional narrowband DBF to this 

sparse virtual array would result in severe grating lobes, 

degrading angular resolution and introducing angular 

estimation ambiguities. The ADC sampling rate fs is set to 10 

MSa/s, resulting in a total of L = Tw/fs = 20000 sampling points 

per pulse. For the segmented DBF processing, we segment the 

data into P = 1000 equal parts, so each segment spans B/P = 

8 MHz (i.e., (B/P)/f0 = 0.08%), which is well within the typical 

≤ 10% narrowband criterion. For imaging, the DBF scanning 

range (θmin, θmax) is set to (-20°, 20°), with step Δθ = 0.2°, 

giving Q = (θmax-θmin)/Δθ+1 = 201 steering directions. 

B. Imaging Results Comparison  

This section presents a comparative analysis of the 2D 

imaging performance achieved by three algorithms: 

conventional DBF, STD-compensated DBF, and the proposed 

segmented DBF. 
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Fig. 6. The experimental detection scenario with a single target located to the 

right of the boresight. 

(c)

(-3.4°, 98.326m)
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Fig. 7. The imaging results for a target located approximately to the right of 

the boresight using different algorithms. (a), (c), (e) 3D meshes obtained by 

the conventional DBF, the STD-compensated DBF, and our segmented DBF 
algorithm, respectively. (b), (d) and (f) corresponding top view plots. 

The experimental scenario, depicted in Fig. 6, involved a 

single target positioned to the right of the array boresight. The 

implemented microwave photonic broadband MIMO radar is 

used to acquire the de-chirped data corresponding to the scene. 

The de-chirped data are processed using the conventional DBF, 

the STD-compensated DBF, and the proposed segmented DBF 

algorithm, respectively. The resulting images are presented in 

Fig. 7 for direct comparison. 

As Fig. 7 (a) reveals, the conventional DBF result exhibits 

multiple peaks of comparable amplitude at approximately the 

same range (≈ 98.326 m) but different angles (e.g., -11.4°, -

3.4°, 4.8°). These spurious peaks arise from grating lobes 

inherent to the sparse virtual aperture, which introduce 

ambiguity in identifying the true target angle. Furthermore, the 

application of the narrowband assumption to this broadband 

system introduces beam squint, which manifests as a 

defocused main lobe and elevated sidelobe levels. In contrast, 

both the STD-compensated DBF and the segmented DBF 

algorithms correctly recover a single target at 98.364 m and 

5.2°, consistent with the experimental scenario. This result 

confirms the capability of both compensation algorithms to 

provide accurate target localization, reliable angular 

estimation, and an effectively extended unambiguous angular 

range.  

The top-view plots in Fig. 7 (b), (d), and (f) provide a clearer 

comparison of imaging results. In the conventional DBF result 

(Fig. 7 (b)), the combined effects of beam squint and grating 

lobes severely distort the angular spectrum, creating multiple 

false peaks and smearing the main lobe. In contrast, both the 

STD-compensated DBF and segmented DBF algorithms 

produce well-focused main lobe, with clutter and sidelobes 

significantly suppressed. 
(a) (b)

 
Fig. 8. The profile comparison of the imaging results obtained by different 

algorithms. (a) Range profiles extracted at the peak angle of each algorithm. 

(b) Angle profiles extracted at the peak range of each algorithm. 

To further compare the background suppression, the range 

and angle profiles of the three imaging results are shown in Fig. 

8. For a fair comparison, the profiles are extracted at the 

corresponding peak positions of each algorithm, namely 4.8° 

and 98.326 m for conventional DBF and 5.2° and 98.364 m for 

both STD-compensated DBF and segmented DBF. As shown 

in Fig. 8 (a), conventional DBF exhibits stronger fluctuations 

and a higher background floor in the range profile, while STD-

compensated DBF and segmented DBF suppress the 

background around the target response. In the angle profiles 

shown in Fig. 8 (b), conventional DBF exhibits pronounced 

grating lobes and high background fluctuations across the 

scanning range. In contrast, STD-compensated DBF and 

segmented DBF suppress the distributed grating-lobe 

background and concentrate the target response around the 

correct angle. These results indicate that the proposed 

segmented DBF effectively corrects beam squint and 

suppresses grating-lobe artifacts, achieving imaging quality 

comparable to STD-compensated DBF and markedly 

improved over conventional DBF. 

C. Resolution Analysis 

This section quantitatively evaluates the range and angular 

resolutions of the proposed segmented DBF algorithm. The 

target is placed around the center of the boresight to avoid 

beam broadening effects, thereby enabling a clear assessment 

of the resolution performance (Fig. 9). 

 
Fig. 9. Experimental detection scenario with a single target located at the 
center of the boresight. 

The imaging results are presented in Fig. 10, where Fig. 10 

(a) shows the 3D mesh plot, and Fig. 10 (b) provides the 
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corresponding top-view plot. The target is located at a range of 

96.084 m and an angle of -0.8°. According to equation (12), 

with a signal bandwidth of 8 GHz, the theoretical range 

resolution is calculated as ΔR = c/(2 × B) = 1.875 cm. 

According to equation (13), with M×N = 2×4 virtual elements 

and spacing d = 0.15 m, the virtual aperture is D = (MN-1)d = 

1.05 m, yielding a theoretical angular resolution of 0.8°. 

(a) (b)
(-0.8°, 96.084m)

 
Fig. 10. The imaging results for a target located at the center of the boresight 

obtained by the segmented DBF algorithm. (a) 3D mesh plot of imaging 

result. (b) corresponding top-view plot. 

(b)
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Fig. 11. The range and angle profiles of the imaging results. (a) Range profile 

at an angle of -0.8°. (b) Angle profile at a range of 96.084 m. 

Fig. 11 shows the range and angle profiles of the imaging 

result. The measured range resolution, defined as the -3 dB 

width of the range profile in Fig. 11 (a), is 2.044 cm, which is 

close to the theoretical range resolution of 1.875 cm. Similarly, 

the measured -3 dB angle width in Fig. 11 (b), is 1.0°, which 

is close to the theoretical angle resolution 0.8°. The slight 

discrepancies between the measured and theoretical 

resolutions are mainly attributed to practical measurement 

factors, such as the non-ideal point-target response and 

scattering characteristics of the measured target. These results 

confirm that segmented DBF delivers centimeter-level range 

resolution and near-theoretical angular resolution. 

D. Multi-target Detection  

A
B

C

  
Fig. 12. The experimental detection scenario with multiple targets located at 
different angles. 

To validate the multi-target detection capability of the 

proposed segmented DBF algorithm, an experiment is 

configured with three targets placed at different angles. As 

shown in Fig. 12, targets A and C are located on the left of the 

boresight, while the other target B is located on the right of the 

boresight. 

Grating lobe Grating lobe

A and C

B

 
Fig. 13. The imaging results for three targets obtained using the narrowband 
data. (a) 3D mesh plot of 2D imaging result. (b) Top-view plot of 2D imaging 

result. 

For comparative analysis, an equivalent narrowband data is 

generated by truncating the time-domain window of the de-

chirped signals to 1/20 of the original pulse width. Exploiting 

the linear-frequency mapping of the de-chirped signal, this 

truncation limits the signal bandwidth to 400 MHz (spanning 

10GHz to 10.4GHz), corresponding to a range resolution of 

37.5 cm. 

The imaging results obtained from the narrowband data are 

shown in Fig. 13. The 3D mesh plot in Fig. 13 (a) exhibits 

multiple peaks, making it difficult to identify the true targets. 

The top-view in Fig. 13 (b) further shows that targets A and C, 

which are at similar azimuth angles, merge together and cannot 

be adequately resolved in range. Moreover, due to insufficient 

grating lobe suppression inherent to the narrowband 

configuration, numerous false targets are present in the image. 
(a) (b)
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(2.6°, 98.401m)
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B

C
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Fig. 14. The imaging results for three targets obtained using the broadband 

data. (a) 3D mesh plot of 2D imaging result. (b) Top-view plot of 2D imaging 
result.  

In contrast, the imaging results obtained from the broadband 

data using the segmented DBF algorithm for this multi-target 

data are shown in Fig. 14. The 3D mesh plot in Fig. 14 (a) 

clearly shows two distinct responses on the left of boresight at 

(-3.0°, 98.551 m) and (-3.2°, 98.101 m), corresponding to 

targets A and C. Although their azimuthal angles differ by only 

0.2°, the wideband range resolution allows unambiguous 

discrimination. A third well-separated response at (2.6°, 

98.401 m) corresponds to target B, consistent with the 

experimental geometry. The top-view in Fig. 14 (b) 

consistently shows targets A and C on the left and target B on 

the right, matching the experimental setup. The faint funnel-

shaped energy trails are residual, frequency-dependent 

grating-lobe artifacts whose trajectories vary across sub-bands. 

The segmented DBF largely decorrelates these lobes, 

dispersing their energy over range-angle cells and preserving 

the main-lobe peaks. 
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Overall, the comparison between Fig. 13 and Fig. 14 

demonstrates that the broadband microwave photonic MIMO 

radar offers substantially enhanced capability in resolving 

clustered targets. The segmented DBF algorithm leverages the 

broadband characteristics to suppress beam squint and provide 

accurate multi-target localization in both range and angle. 

E. Computational Efficiency Analysis 

This section provides a comparative analysis of the 

computational efficiency of the conventional, STD-

compensated, and proposed segmented DBF algorithms. First, 

the theoretical time complexity of each algorithm is analyzed. 

The theoretical analysis is then corroborated by measuring the 

actual signal processing time using the experimental dataset. 

The complexity analysis uses parameters consistent with the 

experimental setup described in Section III-A. The time 

complexity of different imaging algorithms is summarized in 

Table II. 
TABLE II 

TIME COMPLEXITY OF DIFFERENT IMAGING ALGORITHMS 

Algorithms Time Complexity 

Conventional DBF O(L×MN×Q+MN×LlogL) 

STD-compensated DBF O(L×MN×Q+Q×MN×LlogL) 

Segmented DBF O(L×MN×Q+Q×LlogL) 

For the conventional algorithm, each of the MN virtual 

channels undergoes an L-point FFT to form range profiles, 

resulting in a computational cost of O(MN×LlogL). 

Subsequently, DBF is performed across Q steering directions 

for all L frequency bins, requiring O(L×MN×Q) operations. 

Accordingly, the total time complexity of the conventional 

algorithm is given by O(L×MN×Q+MN×LlogL).  

For the STD-compensated DBF algorithm, beam squint 

correction is performed by applying a time-domain phase 

compensation to each sample of every virtual channel for all Q 

steering directions. This compensation requires Q×MN×L 

operations. After compensation, an L-point FFT is performed 

for each direction and channel, introducing an additional 

computational cost of Q×MN×LlogL. Accordingly, the total 

time complexity becomes O(L×MN×Q+Q×MN×LlogL), which 

is substantially higher than that of the conventional algorithm.  

For the proposed segmented DBF algorithm, each de-

chirped signal is first divided into P time-domain segments. 

Within each segment, DBF is performed across Q steering 

directions using time-domain samples from all MN virtual 

channels, resulting in a total computational cost of L×MN×Q. 

After the segmented DBF, an L-point FFT is applied to each 

direction to obtain the range profiles, requiring an additional 

Q×LlogL operations. Accordingly, the time complexity of the 

segmented DBF algorithm is given by O(L×MN×Q+Q×LlogL). 

Since the number of steering directions Q is slightly larger than 

the number of virtual channels MN in practical systems, the 

number of additional FFT operations introduced by 

segmentation is approximately (Q-MN). Therefore, the overall 

computational complexity of the segmented DBF algorithm 

remains comparable to the conventional algorithm. 

To validate the computational efficiency of the proposed 

algorithm, experiments are conducted on a computer equipped 

with an AMD Ryzen 9 7945HX CPU and 2×8GB Samsung 

DDR5-5600MHz memory. The signal processing time 

required by different algorithms under identical conditions are 

shown in Fig. 15. The conventional algorithm completes signal 

processing in 0.06 s, while the STD-compensated DBF 

algorithm requires 0.50 s. In contrast, the proposed segmented 

DBF algorithm completes the signal processing in only 0.07 s. 

The experimental results demonstrate that the processing 

speed of the proposed algorithm is approximately 7.1 times 

faster than that of the STD-compensated DBF algorithm, while 

maintaining a performance level similar to that of the 

conventional algorithm. 

 
Fig. 15. The actual computation time for different imaging algorithms using 

experimental data. 

Although both the STD-compensated DBF and the 

segmented DBF algorithm address the beam squint issue in 

broadband radar systems, the STD-compensated DBF 

algorithm significantly increases the computational load due to 

repeated time-domain compensation and FFT operations for 

each beam direction. The proposed segmented DBF, by 

leveraging time-domain segmentation and parallel sub-band 

processing, achieves comparable imaging precision with 

dramatically higher computational efficiency. 

IV. CONCLUSION 

This paper has presented the implementation and 

comprehensive experimental validation of a microwave 

photonic broadband MIMO array radar system. The system 

utilizes microwave photonic techniques to generate and 

process broadband radar signals for high range resolution. 

Furthermore, it employs a MIMO array architecture to 

synthesize a large virtual aperture, which provides enhanced 

angular resolution. To overcome the challenges of beam squint 

and high computational complexity in such broadband array 

systems, a novel segmented DBF algorithm was proposed and 

implemented. Experimental results from a 2×4 photonic 

MIMO radar with 8 GHz bandwidth demonstrate a range 

resolution of 2.04 cm and an angular resolution of 1.0°. The 

proposed algorithm improves imaging speed by a factor of 7.1 

compared with STD-compensated DBF algorithm, while 

effectively correcting beam squint and suppressing grating 

lobes in both single and multiple UAV detection scenarios. 

These results collectively verify the system's capability for 

high-resolution, squint-free, and rapid 2D imaging, 

showcasing the successful synergy of microwave photonics 

and advanced digital signal processing for next-generation 

radar systems. While the present implementation is based on 

an LFM waveform, extending the proposed approach to other 

waveform formats, such as stepped frequency and triangular 

FMCW waveforms, will be investigated in future work. 
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