Zhang etal.

EURASIP Journal on Advances

EURASIP Journal on Advances in Signal Processing ~ (2023) 2023:96 . . | .
https://doi.org/10.1186/513634-023-01058-3 n Slgna Processing

®

Modeling and analysis for group delay R
mismatch effect on wideband adaptive spatial
interference cancellation

Yunshuo Zhang', Fangmin He'!", Hongbo Liu', Yaxing Li', Zhong Yang', Ze Wang' and Jin Meng'

*Correspondence:
hefangminemc@126.com

! National Key Laboratory

of Electromagnetic Energy,
Naval University of Engineering,
Wuhan 430033, China

@ Springer Open

Abstract

The adaptive interference cancellation technique has been widely utilized in radar, GPS,
data link, etc,, systems to address challenges from external interference, such as co-site
and hostile interference. Since the anti-iamming performance of the adaptive interfer-
ence cancellation technique is sensitive to group delay mismatch between channels,
the group delay mismatch becomes one of the main factors that limit the system’s
anti-jamming capability. However, the traditional adaptive interference cancellation
system’s mathematical model cannot quantitatively characterize the group delay
mismatch effect on the wideband interference cancellation performance. In this paper,
the mathematical model of the wideband adaptive spatial interference cancellation
(ASIC) system is established, which considers the group delay mismatch, to quan-
titatively analyze the impact of group delay mismatch on the hostile interference
cancellation. The mathematical model utilizes the weighted multi-tone signals to fit
the wideband interference, and then, delay differences are attached to each tone
signal to simulate the group delay mismatch. Then, the analytic expressions of weight
and interference cancellation ratio are derived, which consider the interference band-
width and group delay mismatch, to quantitatively analyze the group delay mismatch
effect on the anti-jamming performance of the wideband ASIC system. Simula-

tion results indicate that the theoretical analysis based on the mathematical model

of wideband ASIC system are accurate, which can achieve the quantitative analysis

of the group delay mismatch effect on the WIC performance.

Keywords: Group delay mismatch, Adaptive spatial interference cancellation,
Wideband interference, Weight characteristics

1 Introduction

In space-limited platform and electronic warfare scenarios, the co-site interference and
hostile interference submerge the desired signals of radar, GPS, data link, etc., systems
over the entire bandwidth, which causes the interruption of the communication or tar-
get detection [1-5]. The co-site interference can be addressed by increasing the isola-
tion between the transceiver antennas. However, the limited platform space restricts the
isolation’s optimization range [2]. Radar, GPS, data link, etc., systems also utilize spread
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spectrum and frequency hopping techniques to resist hostile interference [6—9]. But the
aforementioned passive anti-jamming methods are still challenging to counter the co-
site interference with kilowatt (kW) power [10] and the hostile interference with mega-
watt (MW) power [11]. Therefore, active anti-jamming methods are required to address
the challenges of external interference [12].

The adaptive interference cancellation technique is a typical active anti-jamming
method, which is widely applied in various military platforms to improve the anti-jam-
ming capability of systems [13]. The co-site interference can be suppressed by wired
sampling from the interference source [14, 15] or utilize multi-sampling antennas to
achieve the spatial selectivity of interference and desired signal and, thereafter, cancel
the hostile interference [16—18]. However, the received interference is required to be fil-
tered, amplified, and down-converted before anti-jamming processing [19, 20]. Since the
anti-jamming performance of the adaptive interference cancellation technique is sen-
sitive to group delay mismatch between channels, the group delay mismatch becomes
one of the main factors that limit the system’s anti-jamming capability [21]. Thus, when
designing and implementing the adaptive interference cancellation system, it is neces-
sary to quantitatively analyze the group delay mismatch effect on the wideband interfer-
ence cancellation (WIC) performance and then constrain the group delay consistency
between channels to meet the requirement of the anti-jamming capability improvement.

The definitions of group delay mismatch in the mathematical models of the adaptive
interference cancellation systems are divided into two categories: (1) Define the delay
difference between channels in the selected frequency point as the group delay mismatch
level of the entire band [22-25]. (2) Define the in-band group delay difference between
channels as the group delay mismatch level of the system [21, 26—29]. Furthermore,
when deriving the interference cancellation performance expressions, most studies were
based on the statistical characteristics of the received interference and the performance
was revealed by the eigenvalues and eigenvectors from the covariance matrix [22-24,
26-33].

Since the traditional mathematical model of the adaptive interference cancellation
system cannot characterize the interference bandwidth in the time domain [34], the
group delay difference between channels is also difficult to be represented. Therefore,
[22-25] defined the group delay mismatch of the adaptive interference cancellation sys-
tem as the delay difference between channels in the selected frequency point to analyze
the group delay mismatch effect on the interference cancellation performance. However,
when the adaptive interference cancellation system processes wideband interference, the
effect of group delay difference between channels on interference cancellation perfor-
mance is unneglectable [21]. To analyze the group delay mismatch effect on interference
cancellation performance, [21, 26-29] utilized the algebraic expression to characterize
the interference bandwidth and group delay mismatch qualitatively and then designed
the variable fractional delay FIR filter, etc., to decrease the group delay mismatch level
between channels. But the mathematical models in [21, 26-29] have not quantitatively
characterized the interference bandwidth, thereafter, the group delay mismatch cannot
be quantitatively represented in the time domain. Thus, the effect of group delay mis-
match on WIC performance can only be qualitatively analyzed and optimized.
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For the interference cancellation performance analysis method, [22-24, 26-33] uti-
lized the statistical characteristics of the received interference to derive the expressions
of WIC performance. The process implicates the interference bandwidth, group delay
mismatch, etc., into the eigenvalues and eigenvectors of the covariance matrix. Making
it difficult to quantitatively analyze the group delay mismatch effect on the anti-jamming
capability, thus, cannot provide theoretical guidance on the constraints of group delay
mismatch when implementing the adaptive interference cancellation system. Therefore,
an analysis method is required to characterize the interference bandwidth and group
delay mismatch in the analytic expressions when implementing the adaptive interference
cancellation system, thereby achieving the quantitative analysis of the group delay mis-
match effect on the WIC performance.

Being motivated to quantitatively analyze the group delay mismatch effect on the hos-
tile interference cancellation, in this paper, the mathematical model of the wideband
adaptive spatial interference cancellation (ASIC) system is established. The mathemati-
cal model characterizes the interference bandwidth and group delay mismatch in the
time domain, which can reflect the in-band group delay mismatch level. The perfor-
mance analysis derives the analytic equations of the weight characteristics and the inter-
ference cancellation ratio (ICR), which is capable of quantitatively analyzing the group
delay mismatch effect on the wideband ASIC system. The main contributions of this
study are summarized as follows.

(1) The mathematical model of the wideband ASIC system is established, which can
characterize the interference bandwidth and the group delay mismatch in the time
domain. Utilize the weighted multi-tone signals to fit the wideband interference,
and then, the delay differences are attached to each tone signal to simulate the
group delay mismatch, which can accurately depict the wideband ASIC system with
group delay mismatch.

(2) The quantitative analysis of the group delay mismatch effect on the wideband
ASIC system is achieved, in which the interference bandwidth and group delay
mismatch are directly embodied in analytic equations of weight and ICR instead
of implicated in the eigenvalues and eigenvectors. The analysis results provide the
quantitative relationship of the group delay mismatch with the weight and the WIC
performance. For example: (A) Under fixed interference bandwidth, received inter-
ference’s delay difference, and the group delay mismatch level, the weight value in
steady state is accurately calculated. (B) The mean difference of group delay intro-
duced by the main and auxiliary channels is equivalent to changing the received
interference’s delay difference. (C) When the ICR deterioration tolerance is less
than 10 dB, the variance of the group delay fluctuation difference cannot exceed
0.2829(10ps)>.

(3) The correctness of the proposed mathematical model and quantitative analysis
results are verified through extensive simulations. For instance: (A) The conver-
gence values and variety trend of weight are consistent in analysis and simulation
results. (B) The ICR differences between analysis and simulation results under dif-
ferent group delay mismatch levels are all within 0.5 dB.
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2 Mathematical model and performance analysis

This section establishes the mathematical model of the wideband ASIC system with
group delay mismatch in the time domain. Thereafter, quantitative analysis based
on the mathematical model is conducted on the weight characteristics and the WIC
performance.

Since there are communication gaps in time division multiple access (TDMA) based
communication systems, in which without desired signals [35], or utilize the sideband
interference to obtain the sampling signal [36], the weight calculation can be conducted
when no desired signal exists. Moreover, the study in this paper is carried out based on
the radar or communication systems that encounter barrage jamming with a high inter-
ference-to-noise ratio (INR). Therefore, the desired signal, environmental noise, and
thermal noise are not introduced in the derivation of the mathematical model.

The structure of the wideband ASIC system is shown in Fig. 1. Barrage jamming in
spatial is firstly received by the main and the auxiliary antennas, in which the main
antenna is the transceiver antenna of the original system, and the auxiliary antenna is
the interference sampling antenna. Then, the received interference is filtered, amplified,
and down-converted before input into the digital circuit for anti-jamming processing, in
which the weight algorithm is probably least mean square (LMS), recursive least square
(RLS), or the other algorithms. Finally, feedback the processed signal to the original sys-
tem. The transmission delay and the in-band group delay fluctuation differences consist
of the group delay mismatch problem in the wideband ASIC system.

2.1 Mathematical model of wideband ASIC system with group delay mismatch
In this subsection, the mathematical model of the wideband ASIC system, which considers
group delay mismatch, is established. According to the FT theory, both the periodic signal

Desired Signal Barrage Jamming

...... A A A4

d Antenna

A -
»

Main
Antenna

X =P Weight  p 0w x

Calculate

Main Channel
Original System

Fig. 1 Structure of the wideband ASIC system

Auxiliary Channel
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and the aperiodic signal can be expressed as a linear combination of a group of complex
exponential signals [37]. Therefore, the wideband interference can be fitted by multi-tone
signals when the frequency interval is small enough. The received wideband interference in

the main antenna can be expressed as

N
x = an, (1)
n=1

in which x,, = a,e//*+¢n, subscript 1 represents the serial number of the frequency f,
ay, is the amplitude of the tone signal x,,, ¢, is the initial phase of the tone signal x,,, and
N is the number of tone signals.

From Fig. 1, the delay difference of the received interference between the main and auxil-

iary antennas can be calculated by
T =dsinf/c, (2)

in which —180° < 6 < 180° is the angle between the interference arrival direction and
the normal direction, d is the distance between main and auxiliary antennas, and c rep-
resents the transmission speed of the signal.

Then, the received wideband interference in the auxiliary antennas can be expressed as

N
Xy = an exp (ja)nr). (3)
n=1

The group delays in the main and auxiliary channels are defined as 7y, and 74, includ-
ing the transmission path delay and the group delay fluctuation in-band introduced by the
nonlinearity of the devices in channels. References [38, 39] indicated that the group delay
mismatch follows the Gaussian distribution. Therefore, this paper utilizes the Gaussian dis-
tribution to fit the group delay mismatch. The group delay variation in-band before and
after passing through the main and auxiliary channels is shown in Fig. 2. Thus, the wide-
band interference after passing through the main and auxiliary channels can be written as

N
Xp =) xnexp (joutvn), (4)

n=1

A
z z
2 2
=9 o,
: :
&) O

>
Frequency Frequency

Fig. 2 The group delay variation in-band before and after passing through the main and auxiliary channels
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N
Xa =) xnexp [jou(t + tan)]. (5)

n=1

Weight X by w,, and then subtract w, X, from X to obtain the error as

N N
Ax = Xy — woXpa = Zx,, exp (ja),,tMn) — Wo Zx,, exp [jon (Tt + tan)l- (6)
n=1 n=1

Assume that (1) the received signal in the main and auxiliary antennas has the same
amplitude, and (2) the weight w, in steady state is a constant, which can be written as
Wo = koe /@07, Substitute the weight into Eq. (6), the error can be rewritten as

N
Ax = Zx,, (exp (ja)nrM,,) — ko exp (j((wn — wo)T + a)nrAn))). (7)

n=1

The adaptive control of the weight algorithm is to minimize the error power by search-
ing for the optimal weight [12]. Assume that the amplitude of each single-tone signal is
1V. The minimum error power can be expressed as

N

N
min Z [Ax,|> = min Z |xn (exp (jontmn) — ko exp (j((wn — @) T + WuTan))) ‘2
wo Ko ;1 wo Ko ;=1

N
= min ) (1 + k2 — 2k, cos@n>,

wo ko 21
(8)
in which Ax, is the error of nth tone signal after cancellation,
On = 0p(T™Mn — Tan — T) + WoT.
The ICR of the wideband ASIC systems is defined as

N N N
ICR=Z|xn|2/Z|Axn|2=N/Z(1+k§—2kocosen). 9)
n=1 n=1

n=1

The aforementioned mathematical model of the wideband ASIC system characterizes
the interference bandwidth and the group delay mismatch in the time domain, which
can be applied for the quantitative analysis of the group delay mismatch effect on the
weight characteristic and WIC performance.

2.2 Quantitative analysis of group delay mismatch effect on weight characteristic
In this subsection, the quantitative analysis of the weight characteristics is conducted
based on the mathematical model. And the weight characteristics are divided into
weight phase characteristic and weight amplitude characteristic for analysis.

2.2.1 Optimal weight phase
Calculate the partial derivative of Eq. (8) with respect to w, as
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N N
S 1A%, 20w =S (1 + K2 — 2k cosen)/awo
n=1 n=1 1
= Z 2k, sin 6y,.
n=1
Set Eq. (10) to zero, there is
N
Z2kor sing, = 0. (11)
n=1

The correlation between the received interference by the main and auxiliary antennas
is decreased with the enlarge of distance, and auxiliary antennas are generally arranged
within 0.54 ~ 2/ relative to the main antenna [40-44]. Set the highest frequency of
the wideband interference as 1 GHz, the auxiliary antenna is arranged within 0.6 m
relative to the main antenna, and assume that the group delay fluctuations are within
100 ps. Then, when the interference bandwidth is less than 20 MHz, there are t < 2ns,
(wy — W) < 21 x 20 MHz, and thus,

0, < 0.4513. (12)

Thus, based on the Taylor expansion of sin x, Eq. (11) can be approximated as

N N
Z 2koT sin 6, ~ Z 2ko10,
n=1 n=1

N (13)
= ZZkoT(wn(an —Tan — T) t wot) = 0.
n=1
The optimal equivalent angular frequency of weight is
N N
Wo = an(f + Tan — T™n)/ Z T. (14)
n=1 n=1

Assume that the received interference by main and auxiliary antennas has the same
amplitude in each frequency point, thereafter, Eq. (14) can be simplified to obtain the
optimal equivalent angular frequency of weight as

N
@o =Y n(T + Tan — M) /NT. (15)

n=1
The optimal weight phase is

N
Pha = Za),,(r + Tay — ™) /N. (16)

n=1

According to Egs. (15) and (16), the optimal weight phase is relevant to the delay differ-
ence between the received interference by main and auxiliary antennas 7, and the group
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delay differences introduced by the main and auxiliary channels 74, — Tmy. It can be
drawn that

(1) When the group delay differences 74, — ™My introduced by the main and auxiliary
channels are zero, the optimal equivalent angular frequency of weight converges to
the center angular frequency of the interference. And the optimaleeight phase

converges to the equal phase in the center frequency of interference . w,t/N.
n=1
(2) When the group delay differences ta,, — Tmx introduced by the main and aux-

iliary channels are not zero, the optimal equivalent angular frequency and phase
of weight deviate from the center frequency. Thereafter, affecting the WIC perfor-
mance cannot be compensated by limited amount weights.

2.2.2 Optimal weight amplitude
Calculate the partial derivative of Eq. (8) with respect to k, as

N N
S 18xa2 ko =Y (1 + K% — 2k, cos en)/ako
n=1 n=1
N (17)
= 222(kO — cos6y).
n=1
Set Eq. (17) to zero, the optimal weight amplitude is obtained as
N N
Z IAxn|2/3k0 = Z2(ko —cosb,) =0
n=1 n=1
N (18)
= ko = Zcos@n/N,
n=1

in which 6, = w,(tmy — Tan — T) + @oT.
From Eq. (12), 0, < 0.4513, then based on the Taylor expansion of cosx, Eq. (18) can
be approximated as

ko ~ 1. (19)

According to Egs. (18) and (19), the group delay differences ta,, — Tmyx introduced by the

main and auxiliary channels also affect the convergence value of the weight amplitude.

However, the effect is slight, and the weight amplitude approximately converges to 1.
Based on the analysis above of the weight characteristics, it can be drawn that

(1) The group delay differences 75, — tmy introduced by the main and auxiliary chan-
nels affect the convergence values of weight phase and amplitude. Moreover, since
the ta, — My is related to the frequency, which cannot be compensated by limited
amount weights, it will directly impact the anti-jamming performance of the wide-
band ASIC system.

Page 8 of 18
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(2) When the interference bandwidth N, the delay difference 7 between the received
interference by main and auxiliary antennas, and the group delay differences
Tan — My introduced by the main and auxiliary channels are known, the conver-
gence values of weight phase and amplitude can be calculated in theory. Therefore,
based on the mathematical model proposed in this paper, the quantitative analysis
of weight characteristics is realized. Thereafter, the theoretical analysis will be veri-

fied through simulation in Sect. 3.

2.3 Quantitative analysis of group delay mismatch effect on WIC performance
Substitute Egs. (8), (16), and (18) into Eq. (9), the analytical expression of ICR that con-
siders the group delay mismatch can be expressed as

N N 2 N
ICR=N/ Z 1+<ZC059,,/N) —2C059nZC059n/N . (20)

n=1 n=1 n=1

And substitute Eq. (16) into 6y, it can be expressed as

N
On = On(tvin — Tan — T) — Y On(tvn — Tan — T)/N. (21)

n=1

From Egs. (20) and (21), it can be drawn that since the group delay differences ta, — tMu
introduced by the main and auxiliary channels are related to the frequency, that cannot
be compensated by limited amount weights. It will directly affect the ICR of the wide-
band ASIC system.

To quantitatively analyze the group delay mismatch effect on the wideband
ASIC system, the group delay difference 74, — tmy, is divided into mean difference
mean(ta, — t™™y) and zero mean fluctuation 7, — M, — mean(ta, — t™y) for analysis,
respectively. Theoretical analysis results calculated by Egs. (20) and (21) are shown in
Fig. 3

From Fig. 3, the quantitative analysis results of the group delay mismatch effect on ICR

can be drawn as

(1) The mean difference of group delay mean(zy, — tMyx) introduced by the main and
auxiliary channels is equivalent to changing the delay difference t between the
received interference by main and auxiliary antennas. As shown in Fig. 3a, the opti-
mal ICR is obtained when the mean difference of group delay mean(za,, — tmn) is
equal to the negative of the delay difference . However, it will decrease the spa-
tial resolution of the array manifold; meanwhile, mean(za,, — tmy) is determined
by the circuit consistency which cannot be adjusted manually. Therefore, when
implementing the wideband ASIC system, it is necessary to compensate for the
mean(7ta, — TMy) to improve the performance of the system.

(2) Similarly, in Fig. 3a, ICR decreases when the mean difference of group delay
mean(ta, — TMn) enlarges the delay difference 7. With the increase in delay differ-
ence 7, the phase difference between channels at the boundary frequency enlarges,
which results in the ICR decrease.
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Fig. 3 Quantitative analysis results of ICR under group delay mismatch. a The relationship between ICR and
mean difference of group delay under three conditions: (1) Condition-1 with 20 MHz interference bandwidth,
and 1 ns delay difference. (2) Condition-2 with 10 MHz interference bandwidth, and 1 ns delay difference. (3)
Condition-3 with 20 MHz interference bandwidth, and 0.5 ns delay difference. b The relationship between ICR
and zero mean fluctuation of group delay under three conditions: (1) Condition-1 with 20 MHz interference
bandwidth, and 1 ns delay difference. (2) Condition-2 with 10 MHz interference bandwidth, and 1 ns delay
difference. (3) Condition-3 with 20 MHz interference bandwidth, and 0.3 ns delay difference.

(3)

As shown in 3b, the group delay fluctuation differences
TAn — TMn — mean(ta, — t™y) introduced by the main and auxiliary chan-
nels directly affect the ICR of the wideband ASIC system. In condition-3,

when the wideband ICR deterioration tolerance is less than 5 dB, the vari-

Fig.

ance of Tp, — Tmu — mean(ta, — Tyy) cannot exceed 0.0706((10ps)?). Mean-
while, when the ICR deterioration tolerance is less than 10 dB, the variance of
Tan — TMn — Mean(Ta, — Tmy) cannot exceed 0.2829((10ps)?). The group delay
fluctuation differences under the variance of 0.0706((10ps)?) and 0.2829((10ps)?)
are shown in Fig. 4a and b.

The same in Fig. 3b, when the variance of ta,, — tm; — mean(ta, — TMx) achieves

2((10ps)2), the ICRs under three conditions tend to be consistent. The group delay

Page 10 of 18
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Fig. 4 The group delay fluctuation differences under different variances

fluctuation differences under the variance of 2((10ps)?) are shown in Fig. 4c, which
means that the group delay fluctuation differences ta, — tmy — mean(ztp, — Tvn)
become the main factor that affects the ICR, and the ICR improvement from
decreasing the processing interference bandwidth and the delay difference t will be
consumed. Therefore, it is also necessary to compensate for the group delay fluc-
tuation difference between the main and auxiliary channels, which can effectively
improve the anti-jamming capability of the wideband ASIC system.

According to the weight characteristics and WIC performance analysis results above,
it can be drawn that the group delay differences 74, — TM, introduced by the main
and auxiliary channels directly affect the steady-state weight and the ICR and cannot
be compensated by limited amount weights. Thus, it is required for the group delay
mismatch compensation in the implementation of the wideband ASIC system for the

anti-jamming capability improvement.

In the actual circuit, the group delay mismatch generally accompanies the gain mis-
match between the main and auxiliary channels. Thus, it is hard to individually verify
the analysis results’ accuracy of group delay mismatch effect on the wideband ASIC

system by experiments. The correctness and accuracy of the analysis results in this

Section are demonstrated by simulations, which are shown in Sect. 3.

Page 11 0f 18
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Table 1 Simulation parameters

Parameter Value

Interference bandwidth 10 MHz, 20 MHz

Carrier frequency 990 MHz

Interference type Band-limited random noise

Interference amplitude in auxiliary element 1.0x-main element inter-
ference amplitude

Time delay difference 0.5ns,1ns

Weight algorithm LMS

Fig.5 Block diagram of the LMS algorithm

3 Simulation verification
In this section, extensive simulations are conducted to verify the analysis results of the
group delay mismatch effect on weight characteristics and the WIC performance in
Sect. 2. The simulation parameters are shown in Table 1, similarly assuming that the
group delay fluctuation difference between channels follows the Gaussian distribution.
The least mean square (LMS) is a typical adaptive algorithm of weight calculation
by searching the optimal weight to minimize the square of the error signal [45]. The
block diagram of the LMS algorithm is shown in Fig. 5. The weight calculation steps
based on the LMS algorithm can be expressed as

Y (n) = w(n)Xa(n), (22)
Ax(n) = Xm(n) — Y (n), (23)
w(n+1) = w(n) + ulx(n)Xs (1), (24)

where u is the constant to adjust the calculation step, and the step size in the simulation
is fixed to 0.5.

3.1 Simulation of weight characteristics under group delay mismatch

The weight characteristics determine the WIC performance of the wideband ASIC sys-
tem. In this subsection, analysis and simulation results of weight characteristics are com-
pared to verify the quantitative analysis’s accuracy of the group delay mismatch effect in
Sect. 2. Set the interference bandwidth as 20MHz, and the delay difference t between the
received interference by main and auxiliary antennas as 1ns. Thereafter, the analysis and
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Table 2 Analysis (AR) and simulation (SR) results comparison of the weight characteristics

in which M-GDM is the mean of ta, — vy (ns), and V-GDM is the variance of
Tan — Tvn — Mean(zan — Tmn) ((10ps)?)
Condition M-GDM V-GDM AR-amplitude AR-phase SR-amplitude SR-phase
COND-1 0 0 0.999 0.0618 0.999 0.0614
COND-2 0 0.2 0.999 0.0628 0.999 0.0624
COND-3 0 1 0.997 0.063 0.996 0.0644
COND-4 0.5 0 0.999 —3.047 1 —3.049
COND-5 0.5 0.2 0.998 — 3.05 0.999 — 3.051
COND-6 0.5 1 0.997 —3.048 0.995 — 3046
COND-7 —05 0 1 — 3.1 0.998 —3.11
COND-8 —05 0.2 0.999 —3.109 0.998 —3.109
COND-9 —05 1 0.998 — 3.047 0.997 — 3114
| —e— conp-2 —=— conp-5 COND-8 |
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characteristics

Fig. 6 Simulation results of the group delay mismatch effect on weight characteristics

simulation results of weight characteristics based on the above parameters are compared

in Table 2, in which the analysis results are calculated by Eqs. (16) and (18). Further-

more, the weight convergence process in the simulation is shown in Fig. 6.
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From the simulation and analysis results above, it can be drawn that

(1)

Compare the simulation and analysis results of weight amplitude in Table 2, the
group delay mismatch slightly affects the steady-state weight. The weight ampli-
tudes and phases in steady state are consistent in simulation and analysis results
under different group delay mismatch levels, which means that the proposed math-
ematical model of the wideband ASIC system can accurately characterize the group
delay mismatch effect on the weight characteristics.

From Table 2 and Fig. 6a, the mean difference of group delay mean(zp, — tmn)
makes the weight deviate from the optimal value, which is consistent with the
analysis results. The mean(ty,, — Tmn) decreases the spatial resolution of the array
manifold and will affect the anti-jamming capability of the wideband ASIC system.
From Fig. 6b, the fluctuation of steady-state weight enlarges with the variance of
group delay fluctuation difference increase, which will directly affect the wideband
ASIC system’s ICR.

The consistency in simulation and analysis results proves that the proposed mathemati-

cal model of the wideband ASIC system can quantitatively analyze the group delay mis-

match effect on the system’s weight characteristics.

3.2 Simulation of WIC performance under group delay mismatch

Extensive simulations are conducted in this subsection under different group delay mis-

match levels to verify the quantitative analysis results of the group delay mismatch effect

on the WIC performance in Sect. 2.

=== AR Condition-1 —-&-— SR Condition-1
AR Condition-2 —-©-— SR Condition-2
——= AR Condition-3 —- Q — SR Condition-3

100 ———————————
P
1 i

i : - s

ICR (dB)

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Mean difference of group delay (ns)

Fig. 7 Comparison of simulation (SR) and analysis results (AR) of the relationship between ICR and mean
difference of group delay under three conditions: (1) Condition-1 with 20MHz interference bandwidth,
and 1ns delay difference. (2) Condition-2 with 10MHz interference bandwidth, and 1ns delay difference. (3)
Condition-3 with 20MHz interference bandwidth, and 0.5ns delay difference
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AR Condition-1 =—=E== SR Condition-1
AR Condition-2 =—=©== SR Condition-2
AR Condition-3 —=€== SR Condition-3

ICR (dB)
2
S

25

0 02 04 06 08 1 12 14 16 18 2

20

Variance of group delay fluctuation difference

Fig. 8 Comparison of simulation (SR) and analysis results (AR) of the relationship between ICR and zero mean
fluctuation of group delay under three conditions: (1) Condition-1 with 20MHz interference bandwidth,

and Tns delay difference. (2) Condition-2 with 10MHz interference bandwidth, and 1ns delay difference. (3)
Condition-3 with 20MHz interference bandwidth, and 0.3ns delay difference

The same as in Sect. 2.3, divide the group delay differences 74, — M, introduced by
the main and auxiliary channels into mean difference mean(zs, — Tmy) and zero mean
fluctuation t5,, — Ty — mean(ty, — TMmy) to simulate the effect on the ICR. The simula-
tion results of the group delay mismatch effect on the ICR under different parameters
are shown in Figs. 7 and 8.

From Figs. 7 and 8, the simulation results of group delay mismatch effect on the ICR
are consistent with the analysis results, in which the differences are within 0.5 dB. The
consistency proves that the proposed mathematical model of the wideband ASIC system
can accurately and quantitatively analyze the group delay mismatch effect on the WIC
performance and, thereafter, provide theoretical guidance for the constraint of the group
delay consistent when implementing the wideband ASIC system.

4 Conclusion

This paper established a time domain mathematical model of wideband ASIC system to
quantitatively analyze the group delay mismatch effect on the weight characteristics and
the WIC performance. The mathematical model characterizes the group delay mismatch
in the time domain, which can accurately depict the wideband ASIC system with group
delay mismatch. Thereafter, the analytical expressions of weight characteristics and the
WIC performance are obtained based on the mathematical model, which achieve the
quantitative analysis of the group delay mismatch effect on the wideband ASIC system.
The main conclusions are drawn below:

(1) The mean difference of group delay mismatch mean(ta, — t™y), which is intro-
duced by the main and auxiliary channels, makes the weight phase in steady
state deviate from the optimal value and affects the spatial resolution of the array
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manifold. Thus, when designing and implementing the wideband ASIC system,
it is required to compensate for the mean difference of group delay mismatch to
decrease the effect on system performance.

(2) The group delay fluctuation differences 5, — tM» — mean(ta, — tmy) are related
to the frequency, which cannot be compensated by limited amount weights.
Moreover, the fluctuation of steady-state weight enlarges with the variance of
Tan — TMn — Mmean(ta, — ™y) increases, which will directly affect the ICR of
the wideband ASIC system. For example, when the ICR deterioration tolerance
is less than 10 dB, the variance of t5,, — TMy — mean(ta, — TMy,) cannot exceed
0.2829((10ps)2)(delay difference: T = 0.3#s, interference bandwidth: 20 MHz).

(3) Simulation results verify the correctness and accuracy of the wideband ASIC
system’s mathematical model, which considers the group delay mismatch. For
instance: (A) The convergence values and variety trend of weight are consistent in
analysis and simulation results. (B) The ICR differences between analysis and simu-
lation results under different group delay mismatch levels are all within 0.5 dB.

The conclusions above prove that the wideband ASIC system’s mathematical model pro-
posed in this paper is capable of accurately and quantitatively analyzing the group delay
mismatch effect on the weight characteristics and WIC performance and, thereafter,
provides effective guidance when designing the group delay constraint in channels.
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