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Abstract—Benefiting from tens of GHz bandwidth, Terahertz
(THz) communications has been considered as one of the promising technologies for the future 6G wireless communications.
To compensate the serious attenuation in THz band and avoid
huge power consumption, massive multiple input multiple output
(MIMO) with hybrid precoding is widely considered. However,
the traditional phase-shifter (PS) based hybrid precoding architecture cannot cope with the effect of beam split in THz
communications, which means that the path components of
THz channel split into different spatial directions at different
subcarrier frequencies, leading serious array gain loss. In this
paper, we first point out the seriousness of beam split effect in
THz massive MIMO by analyzing the array gain loss caused
by the beam split effect. To compensate this array gain loss, we
propose a new hybrid precoding architecture called delay-phase
precoding (DPP). In the proposed DPP, a time delay (TD) network
is introduced between radio-frequency chains and the traditional
PS network, which converts phase-controlled analog precoding
into delay-phase controlled analog precoding. When carrying out
precoding, the time delays in the TD network are dedicatedly
designed to generate frequency-dependent beams which are
aligned with the spatial directions over the whole bandwidth.
Thanks to the joint control of delay and phase, the proposed
DPP can significantly alleviate the beam split effect. Simulation
results reveal that the proposed DPP can generate beams with the
near-optimal array gain over the whole bandwidth, and achieve
the near-optimal achievable rate performance.
Index Terms—THz communications, massive MIMO, hybrid
precoding, beam split

I. I NTRODUCTION
Terahertz (THz) communications has been considered as a
promising technology to support the very high data rate in
the future 6G wireless communications, since it can provide
tenfold increase in the bandwidth [1]. Compared to the typical
2 GHz bandwidth in the millimeter (mmWave) band (30-300
GHZ) [2], the THz band (0.1-10 THz) is able to provide
tens of GHz bandwidth [1]. However, as the carrier frequency
increases, the THz signals suffer from more severe attenuation, which becomes a vital problem in THz communications
[3]. Massive multiple input multiple output (MIMO), which
utilizes a large antenna array to offer the directional array
gain, can compensate such severe attenuation. Consequently,
THz massive MIMO is very promising for future 6G wireless
communications [4]. Similar to mmWave massive MIMO in
5G, hybrid precoding is attractive for THz massive MIMO
to relieve the huge power consumption of the THz radiofrequency (RF) chains [5]. The main idea of hybrid precoding
is to decompose the high-dimensional fully-digital precoder
into an analog beamformer realized by phase-shifters (PSs)
and a digital precoder, with a significantly reduced number
of RF chains [6]. Thanks to the sparsity of the THz channel

[7], a small number of RF chains is able to fully achieve the
mutiplexing gain of massive MIMO [6], [8].
In existing hybrid precoding architecture [8], the analog
beamformer consists of directional beams, which are aligned
with the spatial directions of the channel path components, to
realize the full array gain. This is feasible for the narrowband
systems. However, for the wideband mmWave systems, the
spatial directions are different at different subcarrier frequencies, which leads to the obvious array gain loss since
the traditional analog beamformer is realized by frequencyindependent PSs [8]. To deal with this effect called beam
squint, several methods has been proposed in mmWave massive MIMO systems [9]–[12]. Specifically, in [9], [10], the
analog beamformer and digital precoder are jointly optimized
to achieve the optimal achievable rate. In [11], [12], new
analog beamforming codebooks with wider beam width are
proposed to avoid the array gain decrease.
These methods [9]–[12] can improve the achievable rate
performance, as the path components only slightly squint and
the array gain loss is limited in mmWave systems. However,
due to the much larger bandwidth of THz signals, the path
components split into totally separated spatial directions at different subcarrier frequencies, which makes these methods [9]–
[12] invalid for THz communications. Moreover, the phasecontrolled beams generated by the frequency-independent PSs
can only realize high array gain around the central frequency,
while suffer from the severe array gain loss at most subcarrier
frequencies. We call this effect as beam split effect in THz
communications. The beam split effect will result in a serious
achievable rate loss, and counteract the achievable rate gain
benefiting from the bandwidth increase. However, to our best
knowledge, the beam split effect in THz massive MIMO has
not been pointed out, and there are no corresponding solutions.
To mitigate the beam split effect in THz massive MIMO,
in this paper, we propose a new hybrid precoding architecture
call delay-phase precoding (DPP). Specifically, we first point
out the seriousness of the beam split in wideband THz
communications through analysis. Then, we propose a new
hybrid precoding architecture called DPP. In the proposed
DDP, a time delay (TD) network, is introduced between the
digital precoder and traditional analog beamformer. Through
the TD network, DPP can realize the jointly delay-phase
controlled beamformer. Unlike the traditional phase-controlled
beamformer, DPP can realize the frequency-dependent beamforming, which can significantly alleviate the beam split effect.
When carraying out precoding, the traditional PSs still generate beams towards spatial directions at the central frequency,
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Fig. 1. Typical hybrid precoding structure.

while the time delays in the TD network are dedicatedly
designed to make the beams aligned with the spatial directions
over the whole bandwidth. Simulation results verify that the
proposed DDP can achieve the near-optimal achievable rate.
Notation: Lower-case and upper-case boldface letters represent vectors and matrices, respectively; (·)T and (·)H denote
the transpose and conjugate transpose, respectively; H[i,j]
denotes the element of matrix H at the i-th row and the j-th
column; E(·) denotes the expectation; | · | denotes the absolute
operator; IN represents the identity matrix of size N × N ;
diag(A) denotes block diagonal matrix where each column
of A represents the diagonal elements. CN (µ, Σ) and U(a, b)
denote the Gaussian distribution with mean µ and covariance
Σ, and the uniform distribution between a and b, respectively.
II. S YSTEM MODEL
We consider a THz massive MIMO system with conventional hybrid precoding as shown in Fig. 1. The base station
(BS) employs an Nt -antenna uniform linear array and NRF
radio-frequency chains. An Nr -antenna user is served and Ns
data streams are transmitted simultaneously (Ns = Nr ≤
NRF ≪ Nt ). To realize reliable wideband transmission, we
adopt orthogonal frequency division multiplexing (OFDM)
with M subcarriers. The received Nr -stream signal at the m-th
subcarrier ym ∈ C Nr ×1 , m = 1, 2, · · · , M is
y m = HH
m ADm sm + nm ,

(1)

where Hm ∈ C Nt ×Nr denotes the channel at the m-th
subcarrier, A ∈ C Nt ×NRF is the analog beamformer which
is the same for all the subcarriers due to the use of traditional
frequency-independent PSs [8] with restriction |A[i,j] | = √1N ,
t
Dm ∈ C NRF ×Ns is the digital precoder at the m-th subcarrier
satisfying ∥ADm ∥F = ρ, where ρ is the transmission power,
and nm ∈ C Nr ×1 denotes the additive white Gaussian noise
(AWGN) at the m-th subcarrier following the distribution
nm ∼ CN (0, σ 2 INr ) with σ 2 presenting the noise power.
For the THz channel, we consider a widely utilized wideband ray-based channel model [7]. Denote fc as the central frequency and f as the bandwidth. Then, the frequency at the mf
th subcarrier is fm = fc + M
(m−1− M2−1 ), m = 1, 2, · · · , M.
For the m-th subcarrier, the channel can be presented as
Hm =

L
∑

θl,m , ϕl,m ∈ [−1, 1] denote the spatial direction of the transmitter and the receiver of the l-th path and m-th subcarrier,
respectively, and ft (θl,m ), fr (ϕl,m ) are the array response at
the transmitter and receiver, e.g., ft (θl,m ) can be presented as
]T
1 [ jπθl,m jπ2θl,m
ft (θl,m ) = √
,e
, · · · , ejπ(Nt −1)θl,m .
1, e
Nt
(3)
In (3), the spatial directions are the directions of the paths
in the spatial domain, which are determined by the physical
propagation direction and the subcarrier frequency, e.g., for
the spatial direction of the transmitter, we have θl,m =
2d fcm sin γl , where c denotes the light speed, γl ∈ [−π/2, π/2]
is the physical propagation direction of the l-th path, d is the
fixed antenna spacing with d = 2fcc .
III. B EAM S PLIT
In this section, we will point out the beam split effect with
the serious array gain degradation. We first consider the lth path component with spatial direction θl,m in THz massive
MIMO channel without loss of generality. Usually, one column
of the analog beamformer al = A[:,l] , is used to generate
a beam on the l-th path’s spatial direction at fc by setting
al = ft (θl,c ) [8], where θl,c = 2d fcc sin γl . Thus, the array
gain of al on the spatial direction θl,c is
|η(al , θl,c )| = ft (θl,c )H al = ft (θl,c )H ft (θl,c ) = 1,

which means by setting al = ft (θl,c ), al can achieve highest
array gain at fc . Thus, the narrowband systems can enjoy
highest array gain over the whole bandwidth due to fm ≈ fc .
However, in wideband systems, the difference between fm
and fc cannot be ignored. Therefore, the path components have
different spatial directions at different subcarriers as
fm
(5)
θl,m =
θl,c = ξm θl,c , .
fc
where ξm = ffmc is the relative frequency. In THz communications, the path components may even split into significantly
different spatial directions at different subcarriers due to the
wide bandwidth. This beam split effect causes serious array
gain loss, which can be explained by Lemma 1.
Lemma 1. When |(ξm − 1)θl,m | ≥ N1t , the ratio ζ between
the array gain of al on spatial direction θl,m and that on the
central spatial direction θl,c is
ζ=

|η(al , θl,m )|
1
≤
3π ,
|η(al , θl,c )|
Nt sin 2N
t

η(al , θl,m ) = ft (θl,m )H ft (θl,c ) =
(2)

l=1

where L denotes the number of resolvable paths, gl and τl
represents the path gain and path delay of the l-th path,

(6)

Proof: The array gain of al on the spatial direction θ ∈
[−1, 1] can be denoted as |η(al , θ)| = ft (θ)H al . Then, the
array gain η(al , θl,m ) satisfies
(a)

gl e−j2πτl fm ft (θl,m )fr (ϕl,m )H ,

(4)

(b)

=

Nt −1
1 ∑
e−jnπ(ξm −1)θl,c
Nt n=0

sin N2t π (ξm − 1)θl,c j (Nt −1)π (ξm −1)θl,c
2
e
,
Nt sin π2 (ξm − 1)θl,c
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Fig. 2. (a) beam pattern of ft (θl,c ) in narrowband channel; (b) beam pattern
of ft (θl,c ) in wideband channel; (c) array gain performance of al .

where (a) comes from (8) and (b) comes from the equation
N π
(N −1)π
sin t α
−1 −jnπα
ΣN
= Nt sin2 π α ej 2 α . Thus, the array gain of
n=0 e
2
al on the spatial direction θl,m is
|η(al , θl,m )| =
sin

1
|ΞNt ((ξm − 1)θl,c )|,
Nt

(8)

Nt π
x

where ΞNt (x) = sin π2 x is the Dirichlet sinc function, where
2
ΞNt (0) = Nt is the maximum and the value of ΞNt (x)
decreases sharply as |x| increases [13]. Specifically, the array
gain ratio between the spatial direction θl,m and θl,c is
ζ=

|η(al , θl,m )|
1
=
|ΞNt ((ξm − 1)θl,c )|.
|η(al , θl,c )|
Nt

(9)

When |(ξm − 1)ψl | ≥ N2t , according to the power-focusing
property of Ξ(x) [13], we have
ζ≤

1
3π ,
Nt sin 2N
t

(10)

which completes the proof.

According to Lemma 1, we can see that since the spatial
directions change from θl,c to θl,m at different subcarrier frequencies, the frequency-independent beam al which is aligned
with θl,c cannot achieve the highest array gain. Moreover,
when the bandwidth ξm becomes larger in THz communications, al causes severe array gain loss because the path components are totally splited into different spatial directions and
larger number of subcarriers satisfy |(ξm − 1)ψl | ≥ N2t . E.g.,
Fig. 2 (a) and (b) illustrates the beam pattern |η(ft (θl,c ), θ)|
with parameters fc = 100 GHz, θl,c = 0.5, Nt = 256 and
M = 128. The narrowband and wideband case with f = 0.1
GHz and f = 5 GHz are shown in Fig. 2 (a) and (b),
respectively. We can observe from Fig. 2 (b) that the spatial
directions obviously separate from θl,c in wideband case at
f1 and fM . In Fig. 2 (c), the array gain of al at different
subcarriers is shown. We can see that as the bandwidth
increases, the array gain loss becomes larger. When m ≤ 25 or

m ≥ 103, |(ξm −1)ψl | ≥ N2t in f = 5 GHz case, which means
more than 40% subcarriers suffer nearly 80% array gain loss
according to (10). Such a serious array gain loss will lead to
serious achievable rate degradation, which is not acceptable in
the future THz communications. However, the existing hybrid
precoding architecture cannot solve this problem. To this end,
in the next section we will propose a new hybrid precoding
architecture called DPP.
IV. D ELAY-P HASE P RECODING
As discussed in III, due to the beam split effect, the
frequency-independent beamformer cannot generate beams
aligned with frequency-dependent spatial directions, which
is the main reason of the severe array gain loss. To solve
this problem, we propose a new precoding architecture called
DPP. The proposed DPP architecture is shown in Fig. 3. In
the DPP, we introduce a TD network between the digital
precoder and the traditional analog beamformer. The proposed
DPP converts the traditional phase-controlled beamformer
into jointly delay-phase controlled beamformer, which can
realize frequency-dependent beamforming. Specifically, each
RF chain is connected to K TD elements and each TD element
is connected to P = Nt /K traditional frequency-independent
PSs in a sub-connected manner. The TD network, as a new
layer of precoding, can realize frequency-dependent phase
shifts through time delays, e.g., −2πfm t phase shift by time
delay t at fm . Therefore, the received signal at the m-th
subcarrier can be denoted as
TD
ym = HH
m Au Am Dm sm + nm ,

(11)

where ATmD ∈ C KNRF ×NRF denotes the frequency-dependent
phase shifts realized by TD network, and satisfies
ATmD = diag([e−j2πfm t1 , · · · , e−j2πfm tNRF ]),

(12)

where tl ∈ C K×1 = [tl,1 , tl,2 , · · · , tl,K ]T denotes the time delays realized by K TD elements for the l-th beam. The original
analog beamformer A in (1) is correspondingly reshaped as
Au = [Au,1 , Au,2 , · · · , Au,NRF ] with
el,2 , · · · , a
el,K ]),
Au,l = diag([e
al,1 , a

(13)

el,k ∈ C P ×1 denotes the beamforming vector of P
where a
frequency-independent PSs connected to the k-th TD element
for the l-th beam.
The next question is how to utilize the time delay realized
by the TD network to mitigate the beam split effect. Con-
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sidering āl,m as the l-th column of Au ATmD with āl,m =
Au,l e−j2πfm tl , the array gain of āl,m satisfies Lemma 2.
el,k satisfies [e
eTl,2 , · · · , a
eTl,K ]T =
Lemma 2. When a
aTl,1 , a
[
]
T
ft (θl,c ) and e−j2πfm tl = 1, ejπβ , · · · , ejπ(K−1)β , āl,m is
aligned with the spatial direction ψl as
β
ψl = arg max |η(āl,m , θ)| = θl,c + .
θ
P
where β ∈ [−1, 1] with array gain |η(āl,m , ψl )| =

β
K
Nt ΞP ( P

).

K P
1 ∑ ∑ jπ[(k−1)P +(p−1)]θl,c jπ(k−1)β
e
e
Nt
(15)
k=1 p=1

× e−jπ[(k−1)P +(p−1)]θ .
By seperating the summation on K and P , we have
η(āl,m , θ) =

K
1 ∑ jπ(k−1)[P (θl,c −θ)+β]
e
Nt
k=1

×

P
∑

0
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Fig. 4. The figure of Dirichlet sinc functions, where ΞK denotes
1
|K
ΞK (P (θl,c − θ) + β)| and |ΞP | denotes | P1 ΞP (θl,c − θ)|.

delay can change the spatial direction of the original beam
ft (θl,c ), from Lemma 2. Hence, the design of āl,m in the
DPP is converted to designing the time delay that should
be provided by the TD network, while the traditional PSs
network still perform beamforming on the spatial direction
eTl,2 , · · · , a
eTl,K ]T = ft (θl,c ). Specifically, the beam
θl,c as [e
aTl,1 , a
split can be compensated by setting β satisfying ψl = θl,m ,
which makes the spatial direction change from θl,c to θl,m
at frequency fm . Denoting β̄l,m as the phase shift that the
TD network should achieve to compensate the beam split at
frequency fm for the l-th beam, we have
β̄l,m = (ξm − 1)P θl,c .

(16)
ejπ(p−1)(θl,c −θ) .

p=1

Then, we can transform the summation as
1
|η(āl,m , θ)| =
|ΞK (P (θl,c − θ) + β)ΞP (θl,c − θ)|. (17)
Nt
We can see that the array gain of āl is the product of two
Dirichlet sinc function. For the ΞK (P (θl,c −θ)+β), the maximum point is ψK,max = θl,c + Pβ by setting P (θl,c −θ)+β = 0,
and the main lobe width of ΞK (P (θl,c − θ) + β) is N4t . Similarly for ΞP (θl,c − θ), the maximum point is ψP,max = θl,c
and the main lobe width is P4 . Considering that β ∈ [−1, 1],
we have, ψK,max ∈ [θl,c − P1 , θl,c + P1 ], which means that the
maximum point of ΞK (P (θl,c − θ) + β) locates in the main
lobe of ΞP (θl,c − θ) with range of [θl,c − P2 , θl,c + P2 ]. Then,
considering that the main lobe width of ΞP (θl,c − θ) is K
times wider than ΞK (P (θl,c − θ) + β), the variation range of
ΞP (θl,c − θ) in the main lobe of ΞK (P (θl,c − θ) + β) is much
smaller than the variation range of ΞK (P (θl,c −θ)+β). Therefore, the maximum value of |η(āl,m , θ)| can be approximately
seen as decided by ΞK (P (θl,c − θ) + β), which means
β
,
(18)
P
which is also shown in Fig. 4. Then, the array gain |η(āl,m , θ)|
can be denoted by substituting (18) into (17) as
ψl = arg max |η(āl,m , θ)| = ψK,max = θl,c +
θ

K
β
1
|ΞK (0)ΞP (θl,c − ψl )| =
ΞP ( ) ,
Nt
Nt
P
(19)
which completes the proof.

We can notice that a small phase shift β provided by time
|η(āl,m , θ)| =

0.5

(14)

Proof: The array gain of āl,m on the spatial direction θ can be represented as |η(āl,m , θ)| = |ft (θ)H āl,m |.
eT , · · · , a
eTl,K ]T = f (θl,c ) and e−j2πfm tl =
With [e
aT , a
[ jπβ l,1jπ2βl,2
]T
1, e , e
, · · · , ejπ(K−1)β , we have
η(āl,m , θ) =

1

(20)

According to Lemma 2 and (20), for the l-th beam, the time
delays realized by K TD elements should satisfy
[
]T
e−j2πfm tl = 1, ejπβ̄l,m , ejπ2β̄l,m , · · · , ejπ(K−1)β̄l,m .
(21)
Notice that for fc , the required phase shift should be β̄c,l = 0.
Thus, the time delays in tl should be integer multiply of the
period of fc , to maintain the beam towards the spatial direction
θl,c . Under this point and (21), the time delay vector tl should
be set as tl = [0, sl Tc , 2sl Tc , · · · , (K − 1)sl Tc ]T , where Tc
is the period of the carrier frequency fc , and sl denotes the
number of periods that should be delayed for the l-th beam.
Thus, sl should satisfy
−2πfm sl Tc + 2πsl = π β̄m,l ,

(22)

where 2πsl is to make the left side of (22) belong to [−π, π], as
the range of π β̄m,l is also [−π, π]. Then, substituting Tc = f1c ,
ξm = ffmc and (20) into (22), we have
P θl,c
.
(23)
2
Notice that in (23), the periods number sl is decided by P
and spatial direciton θl,c at fc , and has no relationship with
frequency ξm . This means that an identical time delay can
compensate the beam split at all the subcarriers. Considering
that sl is an integer and the time delays tl,i should be larger
than 0, a small modification of (23) should be operated. Thus,
the time delay of i-th TD element tl,i can be denoted as

Pθ

(K − 1 + i)⌊− l,c ⌉Tc , θl,c > 0,
2
(24)
tl,i =
P
θ

l,c

i⌊−
⌉Tc , θl,c ≤ 0,
2
sl = −
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where (K − 1)sTc has been added to each time delays to
make tl,i larger than 0 when θl,c > 0, which guarantees that
the phase shift is equal to β̄m,l .
Algorithm 1 Hybrid precoding for the proposed DPP.
Inputs:
Channel Hm ; Spatial directions θl,c ;
Output:
Hybrid precoder Au , ATmD and Dm ;
1: for l ∈ {1, 2, · · · , NRF } do
el,2 , · · · , a
el,K ]T = ft (θl,c );
2:
Generate Au,l by [e
al,1 , a
P θl,c
3:
sl = −{ 2 ;
(K − 1 + i)⌊sl ⌉Tc , θl,c > 0
4:
tl,i =
;
i⌊sl ⌉Tc , θl,c ≤ 0
5:
tl = [tl,1 , tl,2 , · · · , tl,K ];
6: end for
7: Au = [Au,1 , Au,2 , · · · , Au,NRF ];
8: for m ∈ {1, 2, · · · , M } do
9:
ATmD = diag([e−j2πfm t1 , · · · , e−j2πfm tNRF ]);
TD
10:
Hm,eq = HH
m Au Am ;
H
11:
Dm = µVm,eq,[:,1:NRF ] , Hm,eq = Um,eq Σm.eq Vm,eq
12: end for
D
13: return Au , AT
m and Dm .
Therefore, the DPP structure can compensate for the beam
split by setting tl,i as (24) and tl = [tl,1 , tl,2 , · · · , tl,K ]T for
the l-th beam. Based on the deriviation above, we propose a
hybrid precoding method for the DDP structure. Its key idea
is to generate beams towards the spatial directions θl,c by
frequency-independent PSs and compensate fthe beam split
effect by the TD network, whose pseudo-code is illustrated
in Algorithm 1. We assume that the BS knows the channel
Hm and the spatial directions θl,c , which can be obtained by
efficient channel estimation scheme [14]. Without lossing generality, we assume that the spatial directions are sorted based
on the path gains as |g1 | > |g2 | > · · · > |gL |. In Algorithm 1,
the analog precoder for the l-th beam Au,l is firstly calculated
in step 2 to generate beams towards spatial direction θl,c . Then,
the time delays by K TD elements are generated in step 3,
4 and 5, where the beams direction are changed from θl,c to
θl,m at fm . After that, the analog beamformer Au and ATmD
are generated in step 7 and 9. Finally, the digital precoder
Dm is calculated based on the equivalent channel Hm,eq
by traditional singular value decomposition (SVD) precoding
[2] in step 10 and 11, where µ is the power normalization
coefficient. Through Algorithm 1, the DPP can achieve nearoptimal achievable rate, since each beam is aligned with the
spatial direction at all the subcarriers by time delays, which
will be verified in V by simulation results.
Due to the huge power consumption and high hardware
complexity of TD elements [15], an important problem in the
proposed DPP is that how many TD elements are sufficient
to mitigate the beam split effect at all the subcarriers. In the
previous deriviation, we have ignored that the phase shift β̄l,m
has a range restriction as β̄m ∈ [−1, 1]. Thus, to compensate

for the beam split at all the subcarriers, P should satisfy
−1 ≤ (ξm − 1)P ψl ≤ 1. Recalling that ψl ∈ [−1, 1],
fM
f1
fc ≤ ξm ≤ fc and K = Nt /P , we have
fM
− 1)Nt .
(25)
fc
From (25), we can observe that K increases linearly with
the relative bandwidth fM /fc . Since the relative bandwidth is
usually limited, e.g., fM /fc = 110% [1], the number K is far
smaller than the number of antennas Nt , which is acceptable
for hardware implementation.
By adopting the restriction of K in (25), the array gain
performance of the DDP can be derived. From (19), we have
β̄
K
ΞP ( l,m
|η(āl,m , θl,m )| = N
P ) . Notice that β̄l,m = (ξm −
t
1)P θl,c , θl,m = ξm θl,c and θl,c ∈ [−1, 1], we have
M ∫
K ∑ 1
E(|η(ām,l , θl,m )|) =
|ΞP ((ξm − 1)θl,c )|dθl,c .
2M Nt m=1 −1
(26)
Because the integration of the Dirichlet sinc function is hard
to computed [13], we utilize a polynomial to fit it by three
points (−1, |ΞP (1 − ξm )|), (0, P ) and (1, |ΞP (ξm − 1)|) as
∫ 1
|ΞP ((ξm − 1)θl,c )|dθl,c
−1
(27)
∫ 1
]
[
2
≈
(ΞP (ξm − 1) − P )θl,c + P dθl,c .
K≥(

−1

By substituting (27) into (26), we have
)
M (
K ∑ 1
2
E(|η(ām,l , θl,m )|) ≈
|ΞP (ξm − 1)| + P .
M Nt m=1 3
3
(28)
(28) indicates that the expectation of the array gain achieved
by the DPP is decided by the relative frequency ξm and K.
Considering the constraint of (25), ξm − 1 always locates in
the main lobe of the Dirichlet sinc function ΞP (x). This guarantees the array gain of the DDP is larger than 2KP
3Nt = 0.667,
which is much better than the array gain of the traditional
structure shown in Fig. 2. Specifically, When fc = 100 GHz,
f = 5 GHz, M = 128, K = 8 and Nt = 256, we have
E(|η(ām,l , θl,m )|) ≈ 0.96, which means the proposed DPP is
able to approach near-optimal array gain at all the subcarriers
and the beam split effect can be efficiently relieved.
V. S IMULATION R ESULTS
In this section, numerical simulation results are shown to
verify the performance of the proposed DPP. The system
parameters are: Nt = 256, Nr = Ns = 4, M = 128,
NRF = 4, K = 8, fc = 100 GHz, f = 5 GHz, L = 4,
and θ̄l , ϕ̄l ∼ U[−π/2, π/2].
Fig. 5 shows the beam pattern and the array gain of the
proposed DPP with θl,c = 0.5. We can observe from Fig.
5 (a) and (b) that the beam is changed to be aligned with
spatial direction θl,m at f1 and fM . Meanwhile, in Fig. 5 (b),
the beams generated by the proposed DPP can achieve nearly
95% highest array gain at f1 and fM , which is consistent with
the array gain analysis in IV. Moreover, we can see from Fig.

Authorized licensed use limited to: Tsinghua University. Downloaded on June 15,2020 at 15:16:16 UTC from IEEE Xplore. Restrictions apply.

(b)

(a)

(c)

Fig. 5. (a) beam pattern of āl,m realized by the proposed DPP; (b) Enlarged
version of Fig. 5 (a); (c) array gain comparison of āl,m and al .
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Fig. 6. The achievable rate performance comparison.

5 (c) that the proposed DPP with K = 8 can realize almost flat
array gain over the whole bandwidth with f = 5 GHz, even
better than that of the phase-controlled beam al with f = 1
GHz. We can conclude from Fig. 5 that the proposed DPP can
near-optimally relieve the beam split effect.
Fig. 6 shows the achievable rate performance comparison between the proposed DPP and other existing methods, including wideband hybrid precoding with optimization [9], spatially sparse precoding [8] and wide beam
based hybrid precoding [12], which are based on traditional frequency-independent PSs. We utilize the following
equation to calculate (the achievable rate performance )
as
∑M
ρ
1
H H H
R = M
log
I
+
HA
D
D
A
H
,
2
N
m
m
2
m m
s
m=1
Ns σ
2
in which the signal-to-noise ratio (SNR) is defined as ρ/σ ,
and Am = A in (1) for traditional structure [8], [9], [12],
Am = Au ATmD in (11) for the DPP. We can observe from
Fig. 6 that the proposed DPP outperforms the other methods
and can achieve over 95% performance of the benchmark, the
optimal unconstraint full-digital precoding, due to the jointly
delay-phase controlled beamformer. Thus, the DPP can solve
the achievable rate degradation incurred by the beam split

effect and achieve near-optimal achievable rate performance.
VI. C ONCLUSIONS
In this paper, we investigate the wideband hybrid precoding
in THz massive MIMO. A vital problem called beam split
effect, where the path components split according to subcarrier
frequencies, is analyzed. We point out that beam split effect
may cause serious array gain loss and achievable rate decline
in THz massive MIMO. To solve this problem, we propose a
DPP structure where a TD network is introduced to compensate for the beam split through jointly delay-phase controlled
beamformer. Theoretical analysis and simulation results show
that the proposed DPP can eliminate the beam split with nearoptimal array gain and achievable rate performance.
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