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ABSTRACT To address the challenges of costly frontend high frequency opto-electronics devices and the
requirement of high bandwidth for improved range, resolution several band fusion techniques are proposed in
this work. However, conventional band fusion techniques fuse the bands with identical bandwidth and same
chirp rates. This paper proposes and experimentally demonstrates sub-bands fusion of photonically generated
linear frequency modulated (Ph-LFM) radar signals with unidentical bandwidth and chirp rates using an
adaptive, delay-less feed-forward network equalizer (FFNE).We demonstrate this using optical injection in a
semiconductor laser to generate Ph-LFM signals at different IEEE X-KA radar sub-bands: 19.25–23.94 GHz
and 24.06–28.31 GHz (bandgap 0.12 GHz), 19.69–23.06 GHz and 23.625–27 GHz (bandgap 0.56 GHz), and
8–11.5 GHz and 12.75–17 GHz (bandgap 1.25 GHz). Time-frequency analysis (TFA) was used to obtain
sub-bandgap signals of 0.12 GHz, 0.56 GHz, and 1.25 GHz which are coherently fused using the FFNE with
a particle swarm optimization (PSO) algorithm to optimize complex-valuedweights. Themethod is evaluated
by measuring the range resolution and peak-to-sidelobe level (PSL) in detecting two objects separated by
2 cm and 3 cm. The FFNE achieves significant improvement over 10 dB in PSL and resolves previously
unresolvable distances, with maximum range resolutions of 1.8 cm, 2.2 cm, and 2 cm, closely matching
theoretical values for full-band LFM signals with bandwidth of 9.06GHz, 7.31GHz, and 9GHz, respectively.
Experimental results demonstrate the FFNE’s superior performance in enhancing range resolution and PSL
in multi-sub-band radar systems compared to scenarios without FFNE.
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I. INTRODUCTION
With the advancement in electronic and photonic technolo-
gies, the traditional application areas of radio detection and
ranging (radar) systems are rapidly expanding from defense
applications to civilian applications such as automotive,
industrial, agriculture, bio-medical, and consumer electron-
ics [1], [2], [3], [4]. These application areas demand fine
range-Doppler resolution for achieving accurate object detec-
tion, precise range measurement, and high-range resolution
images. This requires high bandwidth radar signal which
is difficult to realize in the electronics domain. Microwave
photonic (MWP) techniques have shown the potential to
generate all weather-operable and highly stable broadband
radar signals with reconfigurable features: center frequency,
bandwidth, and chirp rates [5], [6], [7], [8]. Despite these
advantages, the photonic-based radar (Ph-radar) system still
requires high-frequency electronic frontend components and
costly opto-electronic components. Additionally, it is difficult
to attain the same output performance with high bandwidth
signal generation compared to the generation of the narrow-
band signal [9], [10]. To overcome these issues, techniques
that fuse adjacent sub-bands or bands are seen as a promising
solution [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20]. The fusion technique integrates multiple collocated
narrowband radars operating in nearby sub-bands or bands.
This results in reduced cost due to the use of narrowband
hardware, utilization of available narrowband radar spectrum,
and providing advantages associated with broadband radar
signals. The fusion of adjacent sub-bands or bands can be
accomplished by applying the phase imbalance compensation
(PIC) across the corresponding sub-bands or bands. It is
important to correct the phase mismatch by PIC between
frequency bands before fusing the bands. In addition, the
spectral gap estimation (SGE) technique is required to mea-
sure the separation and the alignment of two bands before
band fusion. Thus, the fusion of distant bands or sub-bands
can be achieved by SGE along with PIC. Several advanced
signal processing methods such as the compressed sens-
ing method [11], auto-regressive spectral gap filling [12],
and the notched spectrum method [13] have been devel-
oped to estimate the missing band. Similarly, methods like
MUSIC [14], all-phase fast Fourier transform [15], sub-band
parameter optimization [16], and more have been utilized
to achieve PIC among the bands while performing band
fusion. Utilizing above mentioned techniques, researchers
have experimentally demonstrated the fusion of photoni-
cally generated narrowband signals in [17], [18], [19], [20],
and [21]. These implementations involve fusing the bands
generated from the same coherent source and transceiver even
though the resolution and PSL results [17], [18], [19] are not
up to the mark. By applying other accurate signal processing
methods such as all-pole processing in electronic domain, the
results can be improved [20], [21]. All these band-fusion

techniques are implemented with the sub-bands of identical
bandwidth and chirp rates. Hence, in this paper, we pro-
pose and experimentally demonstrate a novel band fusion
approach for photonically generated LFM signals with
unidentical bandwidths and chirp rates. This method inte-
grates time-frequency analysis (TFA) with a feed-forward
network-based equalizer (FFNE) for SGE and PIC, respec-
tively. Unlike in conventional real-valued FFNE with delays
in optical communication system [22], the proposed FFNE
structure is fully connected and delay-less, featuring opti-
mized complex-valued weights using the particle swarm
optimization (PSO) algorithm [23].

To demonstrate the proposed method, Ph-LFM signals of
different IEEE radar bands with different bandwidths and
chirp rates are generated using the optical injection technique.
The optical injection technique is based on the principle of the
occurrence of redshift phenomenon in a semiconductor laser
upon the injection of an external optical beam, demonstrated
in our previous research works [24], [25]. The generated
sub-bands are used to detect two objects with separation
distances of 2 cm and 3 cm. The objects are unresolvable
with the sub-bands signal as the range resolution is directly
dependent on the radar signal bandwidth, R_resolution =

C/2B, where C is the speed of light and B is the bandwidth.
Therefore, the proposed TFA method for SGE followed by
FFNE for PIC is applied before the sub-band fusion. The
fused echo signals are evaluated by calculating the range
profiles using a matched filtering method without and with
FFNE. In the experiment, FFNEwith greater than 4 complex-
valued weights along with a PSO swarm size of 15 and
iteration length of 15 provides the optimum weights among
the sub-bands for PIC. The peak-to-sidelobe level (PSL)
power improvement of at least 10.4 dB is achieved for a
fused signal with FFNE compared to that without FFNE in
the range profile. On range-resolution calculations, range-
resolution of 1.8 cm, 2.2 cm, and 2 cm are obtained, which are
close to the theoretical range resolutions for full bandwidths:
9.06 GHz, 7.31 GHz, and 9 GHz LFM signals. Further, the
results of fused signals are compared with the full band
Ph-LFM signal of respective bandwidths. These results of
range resolution and PSL indicate that the proposed method
is effective in coherent sub-band fusion which subsequently
enhances the range-resolution and a PSL in multi-sub-band
radar systems.

II. EXPERIMENTAL SETUP
The experimental setup for the proposed sub-bands fusion
process of Ph-LFM sub-bands signals with different BW
and chirp rates are shown in Fig. 1. The experimental setup
consists of a main laser (ML) as a tunable laser (TL: ID
Photonics, CoBrite-DX) that has an emission wavelength
range from 1525 nm to 1611 nm and an output optical power
range from 10 dBm to 16 dBm. The distributed feedback laser

VOLUME 13, 2025 24081



B. Nakarmi et al.: Target Detection Using Fused Unidentical Photonics-Based LFM Sub-Band Radar Signals

FIGURE 1. Block diagram of the experimental setup.

FIGURE 2. Proposed Technique of band-fusion. a) representation of
fusion process and b) block diagram of signal processing stages and
performance analysis.

(DFB: Actech LD15DM) is a secondary laser (SL), which
is biased with a 49 mA driving current and its temperature
is stabilized at 21.04◦ C. At these biasing conditions, SL is
operating at 6.77 dBm output power with a wavelength of
1553.28 nm.

When the ML is set to a wavelength of 1553.13 nm
for sub-band signal generation, the SL wavelength shifts to
1553.2848 nm resulting in a starting frequency of 19.25 GHz.
Similarly, for generating the sub-band signal with a start-
ing frequency of 24.06 GHz, the ML is set to 1553.1 nm.
The output power from ML can be adjusted by a vari-
able optical attenuator (VOA). TheMach-ZehnderModulator
(MZM: iXblue, MXAN-LN-20, 20 GHz) is driven by the
voltage signal which is generated by a low bandwidth arbi-
trary waveform generator (AWG: Rigol DG4062, 600 MHz).
The polarization controller (PC1) is used to maximize the
output power of MZM for the injected optical beam. The
circulator helps to inject the light from ML to SL and then
deliver the beam to the photodetector. PC2 ensures that the
TE polarized light is injected into SL, as it is polarization-
dependent. By using ML power of 5.07 dBm and the driving
signal from AWG, which is the control signal, in the voltage
range of −1.66 V to 2.68 V, the SL wavelength is shifted to
1553.3225 nm. Upon the photodetection, a Ph-LFM RF sig-
nal of BW4.69GHz is obtained, as discussed in Section IV-A.
Unidentical Ph-LFM RF signals (different BW and chirp-
rates) are generated by adjusting the AWG control signal
which determines the total shift in the emission wavelength
of the SL. Using a 90:10 coupler, a 10% output signal is used
for the optical signal analysis through the optical spectrum
analyzer (OSA: 0.02 nm resolution, Yokogawa AQ6370C),
while a 90% signal is applied to the photodetector (PD: u2t-
XPDV2120RA). The generated Ph-LFM sub-band signals are
amplified and transmitted through the Horn antenna and used
to detect two objects spaced 2 cm and 3 cm apart. For 2 cm
spacing, the first object is located at a distance of 0.4 m
while the second object is placed at 0.42 m from the antenna
whereas for 3 cm spacing, only the second object is moved
to a distance of 0.43 m from the antenna. In both cases,
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the returned echoes are recorded with a real-time oscillo-
scope (OSC) (Keysight UXR0104B, 33 GHz) and processed
offline. Subsequently, the obtained signals are filtered offline
using a fourth-order Butterworth bandpass filter. Using the
received echoes, TFA-based spectral gap filling is performed
to reconstruct the missing sub-band signal between two sub-
bands. The three spectral sub-bands are then processed with
FFNE and fused. The performance of the proposed method is
assessed by analyzing the normalized amplitude in the range
profile of the fused signals, with and without FFNE.

III. PRINCIPLES
A. SUB-BANDS FUSION PROCESS OVERVIEW
The basic concept of the proposed sub-band fusion process
is illustrated in Fig. 2. The sub-band signals, B1 and B3 are
Ph-LFM signals with 1µs time period as well as unidentical
bandwidths and chirp rates, are used for detecting two objects
in the Objects Space unit as shown in Fig. 1. The received
echoes which are reflected from the target objects are used
for the sub-bands fusion process. Using the TFA method,
the spectral gap filling can be accomplished, as depicted in
Fig. 2(a-ii). After the missing band signal (B2) estimation,
the down-conversion to baseband, FFNE, and BW synthesis
stages are carried out as shown in Fig. 2(b) before the sub-
band fusion. The phase and amplitude imbalance among the
sub-bands B1, B2, and B3 are corrected with FFNE. The
bandwidth synthesis involves frequency shifting operations
between the baseband sub-bands, which are required for fus-
ing two echoes with the estimated missing band B2 to achieve
full bandwidth as shown in Fig. 2(a-iii). Subsequently, the
detection performance is evaluated by calculating the range
profile using a cross-correlation technique for both the cases
without and with FFNE-based sub-bands fusion signals. The
same techniques are repeated for other data sets of sub-bands
with different bandwidths, chirp-rates and bandwidth gaps.

B. SUB-BANDS FUSION AND SPECTRAL GAP FILLING
Assume that x1 (n), is the time domain received echo for
B1. Taking x1 (n) as a reference signal, the fusion of three
sub-bands can be accomplished as

x̃ (n) = x1 (n) + x̃2 (n) + x̃3(n) (1)

where, x̃2 (n) and x̃3 (n) are phase and amplitude imbalance
corrected echoes of B2 and B3 sub-bands whose phase and
amplitudes are aligned with x1 (n). In this research work,
we correct the amplitude and phase mismatch terms by using
FFT as in [26]

X̃2(k) = 1a (k)X2(k)exp [−1i1∅(k)] , (2)

where, X2(k) is the FFT of x2(n), 1∅(k) = arg [X1 (k)] −

arg [X2 (k)] is phase imbalance term and1a (k) = |X1 (k)|−
|X2 (k)| is amplitude imbalance term between sub-bands B1
and B2. To recover x̃2 (n), an IFFT operation is carried out to
X̃2(k), and subsequently used in (1) for the sub-band’s fusion.
The same procedures are implemented for obtaining x̃3(n) as
well.

FIGURE 3. FFNE principle and structure with weight adaptation.
a) principle and b) structure with PSO-based weights adaptation.

Before sub-band fusion, SGE of the missing sub-band,
x2(n) was obtained. We apply short-time Fourier transform
(STFT) and inverse STFT (ISTFT) pairs based TFA method
for SGE [27]. For this, we computed the STFT of B1, X1 (f )
and B3, X3 (f ) and derived the STFT of B2 as

X2 (f , i) = X1 (⌊a.f + 0.5⌋ , i) + X3 (⌊b.f + 0.5⌋ , i) , (3)

where, (fc1 + BW 1/2) < f < (fc3 − BW 3/2) , 1 ≤ i ≤ N ,
BW 1 and BW 3 are the bandwidths of B1 and B3, and fc1 and
fc3 are respective center frequencies of B1 and B3. X2 (f , i)
represents the elements of the matrix X2 at frequency index f
and time index i,N is the length of the vector, a and b are scal-
ing factors for index and ⌊ ⌋ is the floor notation for rounding
a.f and b.f to the nearest integers. After SGE as seen in (3),
the ISTFT with the windowing operation can be performed to
obtain x2 (n). The numerical simulation results of the above
analysis can be found in our previous work [28]. To obtain the
enhanced resolution, we introduce the FFNE-based method
and applied in experimentally generated signals as described
in Section III-C.

C. FEED FORWARD NETWORK EQUALIZER (FFNE)
Fig. 3 illustrates the basic principle of the proposed FFNE.
As seen in Fig. 3(a), X2 (k) is the input to FFNE, which is
the FFT of x2 (n), where, 1 ≤ k ≤ N , and N represents the
sample length. Optimumweights obtained from the FFNE are
applied to the input signal X2 (k), enabling the achievement
of the phase and amplitude compensated signal X̃2(k). Then,
the IFFT operation converts the frequency domain signal
X̃2(k) to the time domain signal x̃2 (n). In radar systems, the
delay information of the echoes should be preserved. Thus,
we designed the FFNE structure, as illustrated in Fig. 3(b),
which is distinct from the traditional FFNE structures with
delays [22], [29], [30], [31]. As shown in Fig. 3(b), the
proposed FFNE structure consists of a weight multiplier in
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FIGURE 4. Sub-bands generation. a) Optical spectrum associated with
Ph-LFM RF signal generation, b) normalized amplitude-time diagram of
the photo detected signal, c-d) frequency-time diagrams of data set A:
sub-bands Ph-LFM of (19.25 GHz – 23.94 GHz) and (24.06 GHz –
28.31 GHz), respectively.

which each input signal sample is multiplied with weight
coefficients w (m) = w(1), w(2), . . . , w(M ), where 1 ≤m ≤

M and M is the number of weights. The weight w (m), is a
complex-valued vector, consisting of phase and amplitude
weight terms, given as

w(m) =

[
e∅(m)a(m)

]
(4)

The weighted output vector can be given as

Y (m, k) =

∑M

m=1
w(m)X2 (k) (5)

The amplitude and phase terms for each m can be estimated
as described in (2) and subsequently applied to calculate
the mean square error (MSE). To handle complex-valued
weights, several architectures can be employed, including
a simple FFNE structure with two real-valued FFNE [29],
[30], [31]. However, the FFNE with two real-valued FFNE
structures lags in accuracy for phase estimation and requires
larger computational time due to the necessity of adapting
two branches of FFNE and hence the optimization algorithm
cannot converge at the same time in both branches [30].
To overcome such limitations, we introduce FFNE with a
PSO-based optimization algorithm. This approach allows
simultaneous processing of amplitude and phase weights
within a single FFNE, thereby improving both phase estima-
tion accuracy and computational performance.

The purpose of the FFNE is to obtain the optimum weight
vectorw(m) which can be applied in (2) to obtain X̃2(k). Thus,
we design the cost function, J , to include both phase and
amplitude correction terms and adapt simultaneously as

J =

∑
m

|∅1 (k) − ∅2 (k) exp (−1i∅2 (m))|2

+

∑
m

|a1 (k) − a2 (k) a2(m)|2 (6)

where, 1 ≤ m ≤ M and ∅2 (m) is the linear phase correc-
tion term, a2(m) is the amplitude correction term, ∅1 (k) =

arg [X1 (k)], ∅2 (k) = arg [X2 (k)] , a1 (k) = |X1 (k)| and
a2 (k) = |X2 (k)|. The constant phase correction term can
be obtained by taking the phase at the index of a maximum
value of a2 (k), which represents the constant phase at the
center frequency. The constant phase imbalance between
sub-bands was compensated before performing FFNE. Thus,
the coherency between two sub-bands can be achieved by
solving (6) for the optimum minimum value of J . As (6)
consists of multiple dissimilar variables (∅, a) that are to
be adapted, gradient descent [32], Newton-Raphson meth-
ods [33], or PSO algorithms are generally used. Despite the
implementation complexity, PSO optimization allows faster
convergence and increased accuracy due to its rapid identifi-
cation of the global optimum solution through its faster search
mechanism which is different from other adaptive methods.
The faster signal processing is very important for radar appli-
cations as real-time or nearly real-time latency is required.
Thus, in this manuscript, we implemented the PSO algorithm
which not only provides faster convergence but also meets the
requirement of complex-valued weights adaptation. The PSO
updates the weight parameters as discussed in [23].

ϒq+1
σ (∅, a) = ϒq

σ (∅, a) + uq+1
σ (∅, a) (7)

where, σ represents swarm size, q represents iteration length,
u is velocity vector, ϒq

σ (∅, a) represents the current value of
the particle and ϒ

q+1
σ (∅, a) represents the update vector for

the particle at iteration q + 1 along the dimensions ∅ and
a. The objective is to minimize J using the PSO algorithm,
which results in obtaining the optimum values for w (m) , as
defined by (4). These optimum values serve as phase and
amplitude correction factors that can be subsequently used
as in (2). While implementing (7), we set the lower and
upper bounds for ∅ and a and their values for each particle
are initialized with random values satisfying their respective
lower and upper bounds.

IV. RESULTS AND DISCUSSIONS
A. SUB-BAND GENERATION AND FUSION
Fig. 4 illustrates the generation of Ph-LFM signal based
on the redshift phenomenon due to optical injection in a
semiconductor laser. The optical spectra associated with the
Ph-LFM signal generation with the starting frequency of
19.25 GHz is shown in Fig. 4(a). In Fig. 4(a), the dotted
blue line and solid orange line refer to the SL spectrum
after the circulator without and with the injection of ML,
respectively, as depicted in Fig. 1. Before the ML injection,
SL is operated at 1553.28 nmwith output power of 6.77 dBm.
To generate the RF signal at 19.25 GHz starting frequency,
the ML is operated at 1553.13 nm. By driving the MZM with
the AWG signal of voltage range −1.66 V to 2.68 V, and
injecting ML with 5.07 dBm, the SL wavelength is shifted
to 1553.3225 nm, as illustrated in Fig. 4(a). Upon the optical
beating of shifted SLwithML in a photodetector, the Ph-LFM
signal with a bandwidth of 4.69 GHz is generated. Fig. 4(b)
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FIGURE 5. Band fusion process. Frequency-time diagram (i) and RF
spectrum (ii) of a) estimated missing sub-band signal (23.94 GHz –
24.06 GHz), b) fused signal (19.25 GHz – 28.31 GHz), c) fused signal
(19.69 GHz – 27 GHz), d) fused signal (8 GHz – 17 GHz).

shows the normalized amplitude-time diagram of the gener-
ated Ph-LFM. Fig.4(c) depicts the frequency-time diagram
of the generated sub-band signal with a frequency range of
19.25 GHz – 23.94 GHz. By changing the wavelength and
power of theML, the starting frequency of Ph-LFM signal can
be varied and by changing the AWG control signal (ampli-
tude range and the slope of AWG signal) to the modulator,
another sub-band LFM signal with the bandwidth 4.25 GHz
(24.06 GHz – 28.31 GHz) and chirp rate of 4.25 GHz/us is
generated as shown in Fig. 4(d). Similarly, other signals in
different radar bands, data set B and C (as shown in Table 1)
with different bandwidths, chirp rates, and frequency ranges,
such as 3.37 GHz (19.69 GHz – 23.06 GHz) and 3.375 GHz
(23.625 GHz – 27 GHz), and 3.5 GHz (8 GHz – 11.5 GHz)
and 4.25 GHz (12.75 GHz – 17 GHz), are also generated
for band fusion using the same techniques of optical injec-
tion. Both these data sets of LFM signals have unidentical
bandwidths and the chirp rates which are used to fuse after
estimating the bandgap signal using SGE.

In Fig. 5(a-i), the time-frequency diagram of the
estimated missing band signal with a bandwidth of

FIGURE 6. Range profiles of detected objects for the signals of
a) 4.25 GHz bandwidth, b) 4.69 GHz bandwidth, c) fused signal
of 9.06 GHz bandwidth with the SGE of 0.12 GHz and without FFNE, and
d) full band Ph-LFM of 9 GHz bandwidth.

0.12 GHz (23.94 GHz–24.06 GHz) using SGE, discussed in
Section III-A, is depicted whereas its RF spectrum is shown
in Fig. 5(a-ii). The fused signal’s time-frequency diagram
is shown in Fig. 5(b-i) representing the continuous fusion
of three sub-bands. The RF spectrum of the fused signal is
shown in Fig. 5(b-ii). To construct the RF spectrum, the fused
signal was first filtered with the offline Butterworth band pass
filter of order 4 and a roll-off factor of 0.3. Slight uneven
flatness is observed in the RF spectrum of the fused bands;
however, this uneven flatness does not cause any significant
degradation in the obtained results of the FFNE-based range
resolution calculations, as described in later in Section IV-C.
Further, the time frequency and RF power spectrum of the
fused signal for different data set B and C with the bandwidth
gap signal estimation of 0.56 GHz and 1.25 GHz are shown
in Fig, 5(c) and (d), respectively.

B. OBJECT DETECTION WITHOUT APPLYING FFNE
Fig. 6 shows the range profile of individual, fused signal
with band estimation using SGE without FFNE, and full
band Ph-LFM for two target objects detection with objects
separation distance of 2 cm (blue solid lines) and 3 cm
(dotted red lines). Fig. 6(a) depicts the range profiles of the
signal with a bandwidth of 4.25 GHz, whereas Fig. 6(b)
shows the range profile of the signal with the bandwidth of
4.69 GHz. It is obvious that the two target objects are not
resolvable in Fig. 6(a) and (b), since the spacing between
them (2 and 3 cm) are less than the theoretical range reso-
lution. In the range profile shown in Fig. 6(b), the linewidth
is narrower compared to Fig. 6(a) because it is obtained with a
higher bandwidth signal of 4.69 GHz compared to 4.25 GHz.
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FIGURE 7. Range profiles of detected objects (having 2 cm distance in
between) for the band-fused signal of 9.06 GHz bandwidth with a
band-gap filling of 0.12 GHz case for the various number of FFNE weights:
with a) 1, b) 2, c) 4 and d) 8.

Similarly, Fig. 6(c) illustrates the range profile of the fused
signal obtained from Fig. 5(b), which is the fusion of the two
sub-band Ph-LFM signals, Fig. 6(a) and Fig. 6(b), along with
the estimated bandgap signal shown in Fig. 5(a). In Fig. 6(c),
the target objects with the separation distance of 3 cm are
resolved; however, the separation distance of 2 cm is not
resolved even though the fused signal has the bandwidth of
9.06 GHz with a theoretical range resolution of 1.66 cm. The
inability to resolve the 2 cm separation distance between the
target objects is due to the amplitude and phase imbalance
among the sub-bands and the estimated band-gap signal [34].
These results show that with fusing the bands, the range
resolution can be improved marginally; however, for better
resolution, it is necessary to apply advanced methods such as
FFNE, which is elaborated in the latter section. In Fig. 6(d),
we also show the range profile results using the generated
full-band Ph- LFM signal of bandwidth 9 GHz (without band
fusion) for comparison, which resolves both the 3 cm and
2 cm separation distances.

C. OBJECT DETECTION WITH APPLYING FFNE
To obtain the optimum values for FFNE and PSO parameters,
we evaluate the range resolution and PSL performance of
the fused signal of data set A (19.25 GHz - 28.31 GHz)
with a 9.06 GHz bandwidth while varying the number of
weights. The PSO operating conditions are chosen as swarm
size = 15, iteration length = 15, and boundary conditions
as [-π π ] and [0.001 1] for phase and amplitude weights,
respectively. The weight vector is initialized randomly within
these boundary conditions. In the obtained range profile for

FIGURE 8. Amplitude and phase of sub-band signals and PSO
convergence. a) amplitude correction of sub-band2, b) wrapped phases of
truncated sub-band signals and c) loss function with respect to iteration.

target object detections with two objects separated by 2 cm,
the objects are not resolvable with one weight FFNE as
shown in Fig. 7(a). Whereas, in the case of two weights
FFNE, the objects are poorly resolvable as shown in Fig. 7(b).
With four weights FFNE, as shown in Fig. 7(c), the objects
are resolvable. The PSL and the pulse width at −3 dB are
measured as 10.4 dB and 1.8 cm, respectively. The obtained
range resolution of 1.8 cm is close to the theoretical range
resolution of 1.66 cm for a 9.06 GHz LFM signal. The PSL
and range resolution values remain almost similar for cases
where M ≥4, as illustrated in Fig. 7(d) for eight weights.
Thus, the required number of weights is M ≥4 for the given
signal scenarios and PSO operating conditions.

Fig. 8 illustrates the amplitude-time and phase diagrams
of sub-band1, sub-band2, phase corrected sub-band2, and
the corrected phase difference denoted by blue, red, dotted
black, and green colored lines. Fig. 8(a) depicts the amplitude
correction of sub-band2 and Fig. 8(b) shows zoom view of
the portion indicated by the deep green rectangular box in
Fig. 8(a). Fig. 8(c) expresses wrapped phases of the truncated
signals. The phase correction in the range of [-π π] radian
has been applied. Fig. 8(d) shows the PSO loss function with
respect to the PSO iteration length. It illustrates that the PSO
converges within an iteration length of less than 15 and the
mean square error (MSE) of the phase imbalance value is
reduced to <10−3. Therefore, the proposed phase correction
method with FFNE is effective and has shown reasonable
performance, as illustrated in Fig. 7 and described in this
subsection.

Further, to illustrate the effectiveness of the proposed
FFNE for coherently fusing various unidentical bandwidth,
chirp rate, and bandwidth gap of sub-bands signals, we gen-
erated the sub-bands data set B and data set C. Data set
B has sub-bands B1 with 3.37 GHz bandwidth, B3 with
3.38 GHz bandwidth and chirp rate of 3.38 GHz/µs and a
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TABLE 1. Summary of object detection performance.

bandgap B2 of 0.56 GHz bandwidth. Similarly, data set C
has sub-bands B1 with 3.5 GHz bandwidth and chirp rate
of 3.5 GHz/µs, B3 with 4.25 GHz bandwidth and chirp rate
of 4.25 GHz/µs and bandgap B2 of 1.25 GHz between two
sub-bands. With these Ph-LFM signals of different frequency
ranges and bandwidths, a range-profile analysis is carried out
by detecting two objects spaced 2 cm and 3 cm apart with
individual sub bands, fused sub bands with SGE and fused
sub bands with both SGE and FFNE which are provided
in Table 1 for the comparison. In Table 1, the results show
that the band fused signal with FFNE is superior compared
to that of without FFNE. The results are closely matched
with the results of experimentally generated full band signals
(without band gap estimation) of frequency ranges, 19.3 GHz

– 28.3 GHz (bandwidth of 9 GHz), 19.7 GHz – 27 GHz
(bandwidth of 7.3 GHz), and 8 GHz – 17 GHz (bandwidth
of 9 GHz) respectively.

In data set B, the detection of two objects with the separa-
tion distance of 2 cm is unresolved for both cases (with FFNE
and full band) because the theoretical range resolution of
radar signal with 7.3 GHz is 2.05 cm.Whereas for the objects
with the separation distance of 3 cm are resolved (which was
not the case without proposed FFNE) with better PSL and
range resolution as shown in Table 1. The data set C shows the
result of the same methods but in relatively lower frequency
range, i.e., from 8 GHz to 17 GHz. The results obtained with
FFNE-based fusion (PSL > 10 dB) are comparable to those
of full band experimental signals (PSL > 10.5 dB). These
differences are reasonable because the sub-bands signals
experience different noise characteristics, and after fusion,
the fused signal can be little nosier compared to the individual
full-band signal. Additionally, from the data sets shown in
Table 1, it is observed that the proposed technique performs
well regardless the bandwidths, chirp rate of the sub band
signals, bandwidth of the missing band, and the frequency
band of the signals.

V. CONCLUSION
In this paper, we introduced a sub-band fusion technique
for Ph-LFM radar signals using complex-valued FFNE-based
coherent processing and detect the target object using the
fused LFM signals with the range resolution closely matched
with the full band LFM signals. Through the experiments,
we validate the efficacy of the proposed FFNE-based sub-
band fusion method in fusing the sub-bands with unequal
bandwidths, unidentical chirp rate signals and different
band-gaps in different IEEE radar bands. We initially gen-
erated two adjacent sub-band signals using external optical
beam injection in a semiconductor laser. Time-frequency
analysis (TFA) was employed to estimate the spectral gap
signal before applying FFNE for sub-bands fusion. The
FFNE, equipped with complex-valued weights optimized via
the particle swarm optimization (PSO) algorithm, effectively
estimates and compensates for amplitude and phase imbal-
ances between sub-bands, which are subsequently applied
to create full band coherent radar signal. The effectiveness
of the proposed FFNE with PSO is evaluated by comparing
the peak-to-side lobe level (PSL) and the range resolution
while detecting two target objects, separated by 2 cm and
3 cm, respectively. With the proposed technique, we achieved
a PSL enhancement of >10 dB and range resolutions
which closely aligns with the theoretical range resolution
for respective full band LFM signals. The FFNE is further
evaluated with the fusion of sub-bands having dissimilar
bandwidths and a bandgap at different frequency range and
IEEE radar bands by detecting two target objects separated
by 2 cm and 3 cm. The proposed FFNE-based sub-band
fusion technique showed superior performance compared to
the sub-band fusion without FFNE even with the unidentical
bandwidth and chirp rates. Furthermore, the performance of
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FFNE-based sub-band fusion was found to be comparable to
that of the experimentally generated full band signals in target
object detection experiments. This demonstrates the potential
of the proposed scheme for application in higher-frequency
multiple IEEE radar bands and its possible incorporation
into cutting-edge radar technologies or artificial intelligence
techniques, which will be explored in future research. With
ongoing advancements in digital signal processors (DSP),
field programmable gate arrays (FPGA), and graphics pro-
cessing units (GPU) [35], [36], the proposed FFNE method
holds significant promise for practical applications, offering
enhanced range resolution and PSL making it well-suited for
multi-radar environments.
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