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Abstract. Air-to-air (A2A) communications have been considered as
one of the promising technologies to support various applications in
future wireless communications, and high data rates are important for
these applications such as aerial reconnaissance, remote sensing, and so
on. However, it becomes unstable to provide high data rates services
when suffering from the high mobility and huge path loss in A2A com-
munications. Millimeter wave (mmWave) and massive MIMO precod-
ing have been studied to meet the requirements of ever-increasing data
rates. Unfortunately, MIMO full-digital precoding is considered by most
of these methods, which leads to high complexity and power consump-
tion. And the hybrid precoding is an efficient method to overcome this
difficulty. Nevertheless, high relative velocity and long distance transmis-
sion are not taken into account in these researches. The objective of this
paper is to develop an effective mmWave massive MIMO hybrid precod-
ing strategy for high mobility and long distance communications. First,
the A2A system is constructed and the evolution channel is derived. Sec-
ond, a location-aided two-stage hybrid precoding prediction strategy is
proposed. Moreover, the data transmission process of the system is dis-
cussed. Finally, numerical results manifest that the proposed strategy
can effectively provide high data rates for A2A wireless communications.

Keywords: MmWave · Hybrid precoding · High mobility · A2A
communications

1 Introduction

The dramatically growing demand for high data rates services, such as remoting
sensing, disaster warnings, aerial photography and so on, has promoted the A2A
communications attract much attention [1–3]. However, the A2A communica-
tions always need long range data transmission and are accompanied by the high
relative velocity between the transceivers [4], which results in poor communica-
tion quality due to the significant path loss and high mobility. Millimeter wave
(mmWave) and massive multiple-input-multiple-output (MIMO) are deemed as
reliable techniques to meet the demand for high data rates [5]. MmWave offers
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huge available frequency spectrum ranging from 30 GHz to 300 GHz. And mas-
sive MIMO provides new spatial degrees of freedom communication capacity
[6]. Thanks to the small wavelength of mmWave signals, the use of large-scale
antenna arrays can be realized, and massive MIMO beamforming provides great
array gain to combat the severe path loss at mmWave bands [7,8].

However, mmWave is rarely employed in long distance outdoor communica-
tions because of its severe free space attenuation and absorption loss [9]. Never-
theless, [10] explains the diminishing influence of the non-line-of-sight (NLOS)
signal as altitude increases. Therefore, with the large-scale antenna arrays, highly
directional beamforming can compensate huge path loss of LOS channel at
mmWave. Meanwhile, for the high mobility systems, most of the researches [11–
13] take MIMO full-digital architecture into consideration. On the one hand, to
achieve the optimal spectral efficiency (SE), perfect channel state information
(CSI) is needed [14], while it is quite challenging to be obtained in practice. On
the other hand, the directional beamforming is rarely considered and resulting
in short channel coherence time [15] under high mobility scenarios. In addition,
due to the high complexity and power consumption of full-digital architecture
[16], it is unaffordable for A2A system with limited energy supply. To overcome
the above problems, the hybrid precoding architecture [16,17] has been pro-
posed where the number of RF chains is far less than the number of antennas.
It can perform both low-dimensional digital signal processing and directional
beamforming. Unfortunately, most of the existing studies [18,19] assume the
relative velocity between the transmitter and receiver is low, and the range of
communication is short, which may not hold in A2A system.

In this paper, a novel hybrid precoding strategy is proposed to enhance SE in
A2A wireless communications. First, the evolution channel for directional beam-
forming is derived. Then the location-aided analog precoder and combiner are
obtained. Moreover, the Neumann series is utilized to predict digital precoder.
Furthermore, hybrid precoding data transmission process is presented.

The remainder of this paper is organized as follows. In Sect. 2, an A2A sys-
tem model and channel model for long distance mmWave communication are
constructed, and some preliminaries of channel coherence time are revisited. In
Sect. 3, a novel two-stage location-aided hybrid precoding prediction strategy is
proposed, and data transmission process of the A2A system is also discussed. In
Sect. 4, the performance of the proposed strategy is evaluated via simulations.
Conclusions are drawn in Sect. 5.

We use the following notation throughout this paper: AH , A−1, tr (A), ‖A‖F

are the Hermitian, inverse, trace, Frobenius norm of the matrix A; diag(a) is
a diagonal matrix with the entries of a on its diagonal, blkdiag(a1, . . . ,ak) is a
block diagonal matrix with ai is on its diagonal blocks.

2 System Model and Channel Model

2.1 System Model

We consider a mmWave massive MIMO A2A wireless system, as shown in Fig. 1,
which consists of one control center and K mobile nodes. The altitude of control
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Fig. 1. A2A system model with hybrid precoding architecture.

is 3 km and mobile node is 8 km, and the relative velocity between control center
and each mobile node is 300 m/s. It is assumed that the location information of
the control center is p = (0, 0, 0), and the location information of k -th mobile
node is qk = (xk, yk, zk). For control center, we assume a fully-connected archi-
tecture and it is equipped with K RF chains and Nt = Nh

t × Nv
t antennas,

where K � Nt, while each mobile node is equipped with Nr = Nh
r × Nv

r anten-
nas and has only one RF chain due to the limitation of energy supply. They
both equipped with λ/2 spaced uniform planar array (UPA), Nh

t , Nv
t , Nh

r , and
Nv

r are the number of antennas in horizontal and vertical directions for control
center and each mobile node, respectively.

The transmitted symbols s ∈ C
K with E

[
ssH

]
= IK are first processed by

a digital precoder FBB , then up-converted to RF domain and are processed
with analog precoder FRF . With the k -th mobile node employs analog combiner
wRF,k, the received signal at k -th mobile node is written as

yk = wH
RF,khkFRF FBBs + wH

RF,knk (1)

where hk is the channel matrix of k -th mobile node, nk ∈ C
Nr is the noise vector

with CN (
0, σ2

)
entries.

The spectral efficiency at k -th mobile node is expressed as

Rk = log2(1 +

∣
∣wH

RF.khkFRF fBB,k

∣
∣2

∑K
i=1,i �=k wH

RF.khkFRF fBB,i + σ2K
Pt

) (2)

where Pt is the transmit power for per mobile node. To maximize the SE of the
system, the objective function can be formulated as
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(FRF ,FBB) = arg max
FRF ,FBB

K∑

k=1

Rk

s.t. |FRF (m,n)| = 1 ∀m,n,

‖FRF FBB‖2F = K.

(3)

2.2 Channel Model

For high elevation and long distance communication, the mmWave A2A channel
will consist of LOS propagation and few NLOS components [20]. The channel
vector of the k -th mobile node at m-th time slot is modeled as

hm,k =
√

NtNrαm,kej2πfdmTcar(ϕr
m,k, θr

m,k)aH
t (ϕt

m,k, θt
m,k) (4)

where αm,k denotes the path gain, ϕt
k, θt

k, ϕr
k, θr

k, are azimuth angle of departure
(AAoD), elevation angle of departure (EAoD), azimuth angle of arrival (AAoA),
and elevation angle of arrival (EAoA), respectively. Tc is the symbol duration,
fd is the doppler shift, defined as

fd = ΨT fdmax (5)

where Ψ is the spherical unit vector with ϕr
k and θr

k, defined as

Ψ = [sin θr
k cos φr

k, sin θr
k cos φr

k, cos θr
k]T (6)

where fdmax denotes the mobile node velocity vector and is given by

fdmax =
vk

λ
[sin θk,v cos φk,v, sin θk,v sin φk,v, cos θk,v]T (7)

where vk is the velocity of k -th mobile node, φk,v and θk,v denote the azimuth
angle and elevation angle of travel direction, respectively. The array steering
vector a (ϕ, θ) is expressed as

a (ϕ, θ) = av (ϕ, θ) ⊗ ah (ϕ, θ)

av (ϕ, θ) =
1√
Nv

[
1, . . . , ejπ(Nv−1) cos θ

]T

ah (ϕ, θ) =
1√
Nh

[
1, . . . , ejπ(Nh−1) sin θ cosϕ

]T

(8)

where Nv, Nh are the number of antennas in horizontal and vertical directions.

2.3 Temporal Correlations of the Channel

We assume perfect carrier and frame synchronization, and the effects of doppler
have been mitigated by doppler pre-compensation process. The channel matrix
at m-th time slot Hm is expressed as
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Hm =
√

NtNrAr (ϕr
m, θr

m) αmAH
t

(
ϕt

m, θt
m

)

αm = diag (αm,1, . . . , αm,K)

Ar (ϕr
m, θr

m) = blkdiag
[
ar

(
ϕr

m,1, θ
r
m,1

)
, . . . ,ar

(
ϕr

m,K , θr
m,K

)]

At

(
ϕt

m, θt
m

)
=

[
at

(
ϕt

m,1, θ
t
m,1

)
, . . . ,at

(
ϕt

m,K , θt
m,K

)]

(9)

The channel matrix at (m+1)-th time slot Hm+1 is expressed as

Hm+1 =
√

NtNrAr

(
ϕr

m+1, θ
r
m+1

)
αm+1AH

t

(
ϕt

m+1, θ
t
m+1

)
(10)

αm+1 = αm +
√

1 − ε2Wm

Ar

(
ϕr

m+1, θ
r
m+1

)
= Ar (ϕr

m + Δϕr
m, θr

m + Δθr
m)

At

(
ϕt

m+1, θ
t
m+1

)
= At

(
ϕt

m + Δϕt
m, θt

m + Δθt
m

)
(11)

where ε ∈ [0, 1] is the channel correlation coefficient, and it is defined as [15]

ε = E
[
hmh∗

m+Tc

]
=

π∫

−π

ej2πfdTcp (α) dα (12)

where the power angular spectrum (PAS) p (α) is normalized as
∫ π

−π
p (α) dα = 1,

α is the angle of incidence. For omnidirectional transmission, p (α) = (1/2π),
while for directional beamforming, PAS can be modeled by a von Mises distri-
bution function [15], the channel correlation coefficient becomes

ε = 4

√
1

(
2π
λ vTcθ2b

)2 + 1
(13)

where θb is the beamwidth, λ is the signal wavelength.
Wm ∈ C

K×K denotes the additive white Gaussian noise with zero mean and
unit variance, it is independent of αm. Δϕt

m, Δθt
m, Δϕr

m, Δθr
m are the angle

variation of adjacent time slot in the direction of azimuth and elevation for AoD
and AoA, respectively.

According to the Taylor expansion of the two variable functions, the matrix
Ar (ϕr

m + Δϕr
m, θr

m + Δθr
m) in (11) can be expressed as

Ar (ϕr
m + Δϕr

m, θr
m + Δθr

m)

=Ar (ϕr
m, θr

m) +
(

Δϕr
m

∂

∂ϕr
m

+ Δθr
m

∂

∂θr
m

)
Ar (ϕr

m, θr
m)

+
1
2!

(
Δϕr

m

∂

∂ϕr
m

Δθr
m

∂

∂θr
m

)2

Ar (ϕr
m, θr

m) + Rn

(14)

At (ϕt
m + Δϕt

m, θt
m + Δθt

m) can be obtained by the similar way, which is
omitted here.
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For long distance A2A wireless communication, in a short time interval, Δϕ
and Δθ are small [4], therefore, reserving the first term in (14), and other terms
can be ignored. Then (14) can be rewritten as

Ar (ϕr
m + Δϕr

m, θr
m + Δθr

m) ≈ Ar (ϕr
m, θr

m)

At

(
ϕt

m + Δϕt
m, θt

m + Δθt
m

) ≈ At

(
ϕt

m, θt
m

) (15)

Combining (10), (11) and (15) yields

Hm+1 = εHm +
√

1 − ε2Nm

Nm =
√

NtNrAr (ϕr
m, θr

m)WmAH
t

(
ϕt

m, θt
m

) (16)

The following derivations are based on the evolution channel model in (16),
and a more efficient hybrid precoding prediction strategy, which can exploit the
temporal correlation of (16), is proposed for mmWave A2A system.

3 Two-Stage Hybrid Precoding Prediction Design
for A2A Communications

In this section, a novel two-stage hybrid precoding strategy is presented for
the system in Fig. 1. The proposed strategy leverages the channel correlation to
maximize the spectral efficiency with reduced complexity.

3.1 Analog Precoder and Combiner Design

For long distance A2A communications, as discussed above, only LOS transmis-
sion is considered. Based on the geometrical relationship as illustrated in Fig. 1,
AAoD and EAoD can be performed as

ϕt
k = arctan(

yk

xk
)

θt
k = arctan(

√
x2

k + y2
k

zk
)

(17)

ϕr
k and θr

k can be obtained by the similar way, which is omitted here.
It is assumed that the phase-only controlled phase shifter is employed, and we

match the analog precoder and combiner with array steering vector and array
response vector, respectively. For the given direction ϕt

k, θt
k, ϕr

k, θr
k, the ideal

analog precoder and combiner of the k -th mobile node are formulated as

fRF,k = at(ϕt
k, θt

k)
wRF,k = ar(ϕr

k, θr
k)

(18)

We define the beam update period (BUP) Tb as the location information
update time. At n-th BUP, location and relative velocity for the k -th user is

qn,k = (xn,k, yn,k, zn,k)
vn,k = (vxn,k

, vyn,k
, vzn,k

)
(19)
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It is assumed that the mobile node is moving uniformly and in a straight
line during one BUP. The location information of (n+1)-th beam update period
qn+1,k = (xn+1,k, yn+1,k, zn+1,k) can be written as

xn+1,k = xn,k + Tb · vxn,k

yn+1,k = yn,k + Tb · vyn,k

zn+1,k = zn,k + Tb · vzn,k

(20)

Moreover, AoA and AoD of (n+1)-th BUP are obtained depending on (17).

3.2 Digital Precoder Design

Since the mobile nodes are not separated, there exists interference among data
streams. Therefore, zero-forcing (ZF) approach to eliminate interference based
on equivalent baseband channel is considered. We have the equivalent baseband
channel matrix Heq as follows

Heq = WH
RF HFRF (21)

where FRF = [fRF,1,fRF,2, . . . ,fRF,K ], WRF = blkdiag[wRF,1,wRF,2, . . . ,wRF,K ].
As mentioned above, Heq is a low dimensional square matrix. We define the

channel update period (CUP, also called time slot) Tc as the equivalent channel
update time. The ZF digital precoder of (m+1)-th CUP is derived as

FBB,m+1 = H−1
eq,m+1 (22)

In general, Heq should be updated at each time slot to maintain the spectral
efficiency. However, when the relative velocity is high, there is insufficient time
for channel estimation. Fortunately, in terms of (16), the channels of adjacent
time slot are correlated, thus the outdated equivalent CSI can be utilized to
predict the digital precoder.

Combining (16), (21) and (22) leads to

FBB,m+1 =
(
εHeq,m +

√
1 − ε2Wm

)−1

(23)

The inverse of the sum of two arbitrary matrices is generally difficult to split.
In particular, as ε is large, noise matrix can be considered as a disturbance term.
Turn to Neumann series [21], it provides approximations of the inverse of the
sum of two matrices when one of the matrix has entries of small magnitude.
Then (23) can be rewritten as

FBB,m+1 =
∞∑

k=0

(−1)k((εHeq,m)−1
√

1 − ε2Wm)
k
(εHeq,m)−1

= (εHeq,m)−1 − ((εHeq,m)−1
√

1 − ε2Wm)(εHeq,m)−1

+ ((εHeq,m)−1
√

1 − ε2Wm)2(εHeq,m)−1− · · ·

(24)



352 Y. Yan et al.

Fig. 2. Hybrid precoding data transmission process.

When ε is large enough, the first term in (24) is reserved, the following terms
are ignored. The predictive digital precoder can be approximately written as

F̃BB,m+1 ≈ (εHeq,m)−1 (25)

3.3 Hybrid Precoding Data Transmission Process

The definitions of BUP and CUP have been explained above, and it is assumed
that one BUP contains several CUPs. The equivalent baseband channel almost
unchanged within one CUP, but could vary for different CUP; AoA and AoD
nearly do not vary in one BUP, they vary for different BUP. The steps involved in
establishing a data transmission link during one BUP are summarized as follows:

• Step 1: At the initial CUP, each mobile node sends its location to the control
center. Analog precoder and combiner are designed based on (17).

• Step 2: Control center transmits pilot symbols to calculate Heq.
• Step 3: Heq is fed back to control center, then digital precoder is derived and

data streams are transmitted to each mobile node.
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Fig. 3. Spectral efficiency versus SNR with different channel coherence time.

• Step 4: At the second CUP, analog precoder and combiner are unchanged,
digital precoder is predicted according to (25). Then the pilot symbols and
data streams are sent simultaneously by hybrid precoding. The pilot symbols
are used to estimate the Heq of current time slot.

• Step 5: Heq of current time slot is fed back to control center to predict the
digital precoder of next time slot.

Repeating step 4 to step 5 until the end of a BUP, and at the last CUP,
only data streams need to be transfered. The details are shown in Fig. 2. For the
second and subsequent BUP, if the mobile node moves uniformly in a straight
line, location information does not need to be fed back, the analog precoder
can be obtained according to (17) and (20). Otherwise, the location information
should be fed back at the beginning of each BUP.

For conventional strategy [22], first the transmitter sends pilot symbols to
estimate channel, then the receiver feeds back the estimated CSI to transmitter,
next the precoder can be designed by transmitter to transmit data information.
While for the proposed strategy, the channel estimation and data transmission
are carried out together, thus the overhead of the system is considerably reduced.

4 Numerical Results

To confirm the validity of the derived digital precoder approximation in (25) and
evaluate the performance of the proposed location-aided hybrid precoding strat-
egy, we conduct simulations and discuss the numerical results in this section.
We compare the proposed strategy to optimal strategy in (22) and the conven-
tional strategy [22]. To provide a fair comparison, CSI is updated every BUP
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for conventional strategy. We consider a mmWave massive MIMO system with
carrier frequency fc = 30GHz where the control center is equipped with 64× 64
UPA and each mobile node is equipped with 8×8 UPA. There are K = 4 mobile
nodes. The initial distance between control center and mobile node is 44 km,
46 km, 47 km, 50 km, respectively, and the relative velocity is 300 m/s.

Figure 3 illustrates the spectral efficiency of the system with different channel
coherence time versus SNR. As shown in Fig. 3, the SE of the proposed strat-
egy is considerably close to the optimal hybrid precoding. As SNR goes large, a
gap can be seen between the optimal strategy and the proposed strategy. In low
SNR regime, the noise is the main influence for performance, while for high SNR
regime, the interference between the data streams has a great impact on per-
formance, residual interference due to approximation of Neumann series causes
performance degradation. Figure 3 also shows that as channel coherence time
becomes small, the proposed strategy approaches the optimal strategy closely.
This is because the correlation between channel of adjacent time slot becomes
stronger, thus the predicted precoder matrix has a smaller difference with the
optimal precoder matrix. Therefore, we have to make a trade-off between SE
and channel coherence time in practice. It can also be seen that the spectral
efficiency of conventional strategy is close to the proposed strategy, the reason is
that we only consider single time slot, without considering the influence of time
on the performance.

Figure 4 depicts the spectral efficiency versus time slot index with different
hybrid precoding strategy under the assumption that SNR = 20 dB, Tc = 0.1ms.
In simulation, 4 BUPs are considered here, and each BUP contains 5 CUPs. As
shown in Fig. 4, the SE of the proposed strategy fluctuates under the optimal
performance over time, in contrast, because of channel mismatch, the SE of
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conventional strategy continues to degrade as time goes on during one BUP, until
it updates CSI. It is obvious that the proposed strategy can still maintain high
spectral efficiency in high mobility scenarios compared with the conventional
strategy.

5 Conclusions

In this paper, we have developed a novel hybrid precoding strategy for A2A
system to overcome the problem of CSI outdated in high mobility scenarios and
huge path loss for long distance transmission. We first derived the evolution
channel for mmWave A2A communication. Then a two-stage hybrid precoding
prediction strategy was proposed while the analog precoder and combiner were
obtained based on location information, and the digital precoder was derived
according to Neumann series approximation. Moreover, data transmission pro-
cess of the proposed strategy was presented. Finally, numerical results verified
the proposed strategy can achieve high spectral efficiency for A2A mmWave
wireless communications.
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