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An Efficiency-Enhancing Wideband OFDM Dual-Function MIMO
Radar-Communication System Design

SUMMARY  Integrated Sensing and Communication at terahertz band
(ISAC-THz) has been considered as one of the promising technologies
for the future 6G. However, in the phase-shifters (PSs) based massive
multiple-input-multiple-output (MIMO) hybrid precoding system, due to
the ultra-large bandwidth of the terahertz frequency band, the subcarrier
channels with different frequencies have different equivalent spatial direc-
tions. Therefore, the hybrid beamforming at the transmitter will cause
serious beam split problems. In this letter, we propose a dual-function
radar communication (DFRC) precoding method by considering recently
proposed delay-phase precoding structure for THz massive MIMO. By
adding delay phase components between the radio frequency chain and the
frequency-independent PSs, the beam is aligned with the target physical di-
rection over the entire bandwidth to reduce the loss caused by beam splitting
effect. Furthermore, we employ a hardware structure by using true-time-
delayers (TTDs) to realize the concept of frequency-dependent phase shifts.
Theoretical analysis and simulation results have shown that it can increase
communication performance and make up for the performance loss caused
by the dual-function trade-off of communication radar to a certain extent.
key words: radar-communication, OFDM, precode, beam split, hybrid
beamforming

1. Introduction

Terahertz (THz) dual function radar communication (DFRC)
system is a key technology in 5G-Advanced stage research,
one of the core visions of 6G. Recently, more attention is
focused on DFRC systems with joint DFRC waveform de-
sign [1], [2] to guarantee both sensing and communication
performance, which is not limited by any existing radar or
communication waveforms and is promising to achieve scal-
able performance trade-off between the two functionalities.
For this, spatial modulation techniques that leverage densely
packed configurable antenna arrays are investigated to in-
crease capacity and spectral efficiency [3]. Work [4] ad-
dresses both radar-centric and joint designs to optimize the
DFRC tradeoftf waveform by taking into account the feed-
back overhead of transmitting waveform control information.
And [5] considers hybrid beamforming design for orthogo-
nal frequency-division multiplexing (OFDM) DFRC system
by jointly optimizing the spectral efficiency (SE) of com-
munication and spatial spectrum matching error (SSME) of
radar. However, the above method is only applicable to nar-
rowband systems but not broadband THz systems. Then,
a wideband DFRC multiple-input multiple-output (MIMO)
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OFDM waverform precoding system is jointly designed [6].
But in order to reduce power consumption, the current widely
used hybrid beamforming structure can cause beam splitting
effect and result in performance degradation. To solve this
problem, a delay-phase precoding structure in [7] is used to
provide frequency-dependent phase shifts. However, there
are seldom researches about improving OFDM-DFRC sys-
tem performance with hybrid beamforming structure to mit-
igate the gain loss.

Throughout the letter, hybrid beamforming structure is
adopted to reduce power consumption. However, in the THz
band design, due to the performance degradation caused by
hybrid beamforming, we propose to add time delay compo-
nents in OFDM-DFRC system to optimize performance. We
assume the precoded structure is known, spectrum efficirncy
(SE) of the obtained from the known precoded matrix and the
expected are compared to derive the communication perfor-
mance. Also, the spatial spectrum matching error (SSME)
between the design spectrum and the expected spectrum is
calculated to derive the radar performance. The optimal
solution of the precoded structure is obtained by balancing
the communication and sensing performance of the DFRC
system based on the consensus alternating direction method
of multipliers (consensus-ADMM) framework [8]. Further-
more, we use a delay phase precoding method to invert the
digital precoding design schemes. In this way, we get a com-
plete MIMO-DFRC precoding design that can be compatible
with ideal radar and communication functions, and reduce
array gain loss due to beamstrabismus problems caused by
broadband.

Notations: unless otherwise specified, lower-case and
upper-case boldface letters represent vectors a and matrices
A. ()T, (-)H and (-)* stand for transpose, Hermitian transpose
and complex conjugate; || - ||, || - ||« and || - || denote the
I, norm, I, and the Frobenius norm respectively; blkdiag(A)
denotes a block diagonal matrix where each column of A
represents the diagonal blocks of the matrix blkdiag(A).

2. System Model

As shown in Fig. 1, we consider a DFRC system, which si-
multaneously transmits radar probing waveforms to the tar-
gets and communication symbols to the downlink users. The
joint system is equipped with a uniform linear array (ULA)
which has N; transmit antennas with K true-time-delayers
(TTDs), M subcarriers, and N; serving single-antenna users
while detecting radar targets at the same time.
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Wideband OFDM DFRC System with Delay-Phase Structure
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Fig.1 Overview of a wideband OFDM-DFRC system with delay-phase
structure.

2.1 Dual-Functional Precoding Matrix

Assume the dual-functional precoding matrix is known and
can be shown as

X = FrrFREPFpp, (1)

where the analog beamformer provided by the frequency-
independent phase shifters (PSs) with Frr = [Frr.1,FrF 2,
-+ FRE Ngp ] € CV¥KNRE and Frp =blkdiag ([f;,1,f2,
.- f.x]) denotes the analog beamformer realized by
the frequency-independent PSs for the u-th user. The
frequency-dependent TTD part satisfies FLP = blkdiag
([e—j27rfmt1’e—j27rfmt2’ L. ’e—j27rfthRF ]) c CKNRFXNRF
where t; = [t;.1,t12,- -+ ,t1.x ] € CKX! denotes the time de-
lays realized by K TTDs for the [-th path. Fgp € CNrRFXNs
is the digital beamformer.

2.2 Communication Model

The received symbol signal of the u-th user at the m-th
subcarrier at the downlink users can be given as

Yum = Hu,mxu,msu,m + 0y, (2)

where H,, ,, is the channel matrix of the u-th user at the
m-th subcarrier, X,, ,,, is the (u, m)-th entry of X. s,, ,, is the
transmitted signal of the u-th user at the m-th subcarrier and
n, , following Gaussian distribution CN(0, oIy, ) with o2
being the noise power.

Given the modulation matrix S, ,, of the u-th user at
m-th subcarrier which achieve the expectation, the received
signal of the u-th user at m-th subcarrier is expressed as

Yu,m = Su,msu,m + (Hu,mXu,m - Su,m)sm + nu,m- (3)

The spectrum efficiency (SE) of users can be given as

M Ny

1
SE = + ;‘1 ; 1og(1 + SINRy ). )
E(| Sum
SINR, m = ( S 1) )
’ E(l Hu,mXu,m - Su,m |2) + E(nu,m)

where E denotes the ensemble average with respect to the
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time index. So in order to get maximum SE, We should
minimizing || HX - S ||.

2.3 Radar Model

Denote the optimal solution obtained from omnidirectional
or directional beam pattern design as Xy. For wideband
radar, SSME between the design spectrum and the expected
spectrum should be minimized in order to ensure the radar
performance.

SSME =|| X - Xo || 6)

3. Delay-Phase Tradeoff Algorithm

The hybrid precoding problem for the OFDM-DFRC system
is formulated as

min [ HX =S|z + (1 - p) [X - Xo 17
s.t. X2 = Pr, @)

where Pr is the total transmit power, 0 < p < 1 is a weight-
ing factor that determines the weights performance in the
DFRC system.

The two Frobenius norms in the objective function can
be combined in the form

PIIHX = 8|12 + (1 - p) [IX = Xoll} )
T T
[l o=
F
®)

where I, denotes the N; X N; identity matrix. Denote P =

[voH' 1= pIy,]" € CNstNNe Q= [yipST, XTT" €

CWs*+N)X1 broblem (8) can be written compactly as

min [PX - QI s.tXI||f = Pr. ©)

To solve this convex optimal problem as (9), the consensus-
ADMM algorithm is employed. Let G(X) = [|PX - Q||Z,
the problem is simplified as

min G(X) s.t. |X|[% = Pr. (10
The augmenting the Lagrange function is

LXZV)=GX)+ VI (X -Z) + %nx ~ZI, a1

where Z is the solution of ||X||12F = Pr. Therefore, at the
(k + 1)-th iteration, the corresponding consensus-ADMM
algorithm [8] framework takes the following iterations:

n n k
. c Vi
l.Xf.<+1 = argmin E G;(Xj) + 3 E IX; - 2* + 7”57
b=l i=1
(12)
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n
K+l _ . C _xk+t _ YiJ 2
2.7F = argn)lilin 5 ; Z - X . II5, (13)

3.VEH = VE 4 o(XEH -z, (14)

Equations (12) to (14) are repeated until a certain termination
condition is met. Then the solution X,,,,; is addressed.

Then X,,; is used to invert the digital precoding design
as follows. The phase shift values of the adjacent TTDs
are equal, so the time delay vector t; should satisfy t; =
[0,5,T,,25/T,,--- ,(K — 1)s;T.]", where T, is the period of
the carrier frequency f., and s; denotes the number of periods
that should be delayed for the [-th path component. Thus, s;
satisfies

2 fnsiT, = —mway m. (15)

Substituting T, = %,fm = % and a7, = (&m — 1)PO; into
(16), we get '

(é:m - 1)P91
2%m

Note that in (17), the number of periods s; is determined by
not only the fixed P and the target physical orientation 6,
but also the variable relative frequency &,,. This makes (17)
difficult to implement for all M subcarriers, since s; must be
fixed due to the hardware constraint of TTDs. To solve this
problem, we divide the phase shift —wa; , = —7(&, — 1)PO;
into two parts —né&,, P6; and mP6;.

The first frequency-dependent part can be realized by
TTDs with

_ Po,
==

s = (16)

51 a7)

The second frequency-independent phase shift part to
generate a beam aligned with the target physical direction 6;
as step 4.

-T -t 1T .
[f1,1" - ’fl,K] =[a; (0)p1.p). ¢ " a; (0)py12p)

eI K-DPOL, (91)[(K_1)P+1:N1]] ’

(18)

where f; i,k = 1,2, - -, K is the phase shifts provided by PSs
and a,(6;) is the array responses at the base sation side for the
[-th path. For each path component, the analog beamformer
Frr is calculated in step 5.

The time delays delayed by K TTDs are generated in
steps 6-7. Considering the time delays #; ; be larger than
0, a small modification is required to be operated on (18).
Finally, the time delay of the k-th delayer #; x should be

t (K = 1)| 2| T + k22,6, < 0,
Lk =
kBT, 6, > 0,

(19)

For each subcarrier frequency, the analog beamformer
FL1D is generated in step 11. Finally, the digital precoder
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Algorithm 1 Delay-phase tradeoff solution

Inputs: H, S, Xy, weighting factor 0 < p < 1, Pr, physical direction 6;
1: set k = 1, compute G = ||PX — Q||i_.
2: do equations (12-15), upadate k : + = 1 until find X, ,,

3:forl e {1,2,---, Ngrp}do
T T 1T j
) [f,vl, . ,fly,(] = [ar (8 [1py - €' ™% (6) [ pr12p) -
o, el K= PO, (00 [(k-1)P+1:N]
5: Frp; =blkdiag ([fl,l, e ,fz,K])

{ (K - 1) | 52| 1+ kB2 T 01 <0,
6: k=

Po,
kLT, 6 > 0,

7t = ([t ok DT

8: end for

9: Frr = [Frr, 1. FRF 2, FRF, N |

10: form € {1,2,--- , M} do

11: FRED blidiag (|72t ... /27 Iminr )

. _vYH TTD
12: Xpneq = XH, . FrpmFRED

13: FBB,m=uVm,eq,[:,l:NRF]’ Xm,eq = Um,eq):m,equlz,eq
14: end for
Output: Frr ., Fg;?m, Fep.m

Fpp is calculated based on singular value decomposition
(SVD) precoding in steps 12-13 where y is the power nor-
malization coefficient. Utilizing the ordered SVD of X, ¢
as

Xoprm = UnZh VE (20)

where the diagonal matrix Z{n=diag([/ll,/lz,-~~ ,Aa,]) €
Cdmxdm(A;,i=1,2,- - ,d,,) representing the singular value of
Xopt.m» the matrix V4, € CNxdm with VI, VI = 1, are
obtained from the ordered SVD of the channel X, », where
dp, denotes the rank of X, . For clarity, we summarize
the above approach in Algorithm 1.

4. Simulations and Result

We use a Monte-Carlo simulation to verify the performance
of delay-phase tradeoff algorithm with the widely used wide-
band raybased channel model [9] for THz communications.
We set Pr = 1,M = 64,Ng = 4,K = 16 and each en-
try of the channel matrix H subject to standard Complex
Gaussian distribution. We employ Ngr = 4 RF chains
and N; = 256 antennas ULA. The constellation chosen for
the communication users is the unit-power QPSK alphabet.
Note that the required number of TTDs K in the proposed
delay-phase tradeoff structure must be much smaller than
antennas number N;. The hybrid DFRC precoding [10], the
wideband hybrid DFRC precoding [11] and spatially sparse
DFRC precoding [12] are employed to compare under the
radar performance constraint.

Figure 2 compares the average achievable rate in DFRC
system with different SNR. It is found that other schemes
such as space sparse precoding suffer great loss of communi-
cation performance because wideband hybrid beamforming
will cause beam splitting, but the delay-phase DFRC pre-
coding method can adjust the beam direction to solve this
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Fig.2  Achievable rate performance about antennas number N;.
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Fig.3  Achievable rate performance about SNR.
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Fig.4  Achievable rate performance about K.

problem and get higher efficiency. Figure 3 contrasts the av-
erage achievable rate in DFRC system with different antennas
number. It is obtained that as the increase of antennas num-
ber, the communication performance difference between the
delay phase tradeoff precoding method and other methods is
increasing. Figure 4 expressed the communication perfor-
mance with K true-time-delayers. As the increase of TTDs
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number, the beam split effect is better overcamed.
5. Conclusion

In this letter, we discuss the hybrid beamforming precod-
ing of wideband DFRC system, which can be used for both
target detection and downlink communications. We apply
a delay phase tradeoff precoding method. Specifically, we
obtain its global optimal fully digital precoding based on the
consensus-ADMM framework. Then the delay phase pre-
coding method is used to invert the digital precoding design
schemes. The simulation results show that this proposed
beamforming precoding method has significant array gain
between radar and communication, and higher adaptability
for large antennas number scenarios.
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