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Abstract: In this study, we consider a multi-cell millimeter-wave (mmWave) massive multiple-input multiple-output (MIMO)
system with a mixed analog-to-digital converter (mixed-ADC) and hybrid beamforming architecture, in which antenna selection is
applied to achieve intelligent assignment of high- and low-resolution ADCs. Both exact and approximate closed-form expressions
for the uplink achievable rate are derived in the case of maximum-ratio combining reception. The impacts on the achievable rate of
user transmit power, number of radio frequency chains at a base station, ratio of high-resolution ADCs, number of propagation
paths, and number of quantization bits are analyzed. It is shown that the user transmit power can be scaled down inversely pro-
portional to the number of antennas at the base station. We propose an efficient power allocation scheme by solving a comple-
mentary geometric programming problem. In addition, the energy efficiency is investigated, and an optimal tradeoff between the
achievable rate and power consumption is discussed. Our results will provide a useful reference for the study of mixed-ADC
multi-cell mmWave massive MIMO systems with antenna selection.
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2018). The combination of mmWave and massive
multiple-input multiple-output (MIMO), through the
high beamforming gain, can not only effectively
overcome the shortage of high path loss, but also
notably improve the system performance by elimi-
nating inter- and intra-cell interference (Huang et al.,
2018; Liu et al., 2019; You et al., 2021).

It is well known that the high hardware cost and
power consumption limit the deployment of mmWave
massive MIMO systems. At present, there are two
prospective ways to solve this problem, replacing
full-digital architectures with analog-digital hybrid
beamforming architectures to decrease the number of
radio frequency (RF) chains and substituting high-
resolution analog-to-digital converters (ADCs) with
low-resolution ADCs to reduce the power consump-
tion and the cost of ADCs (Dai et al., 2020). The
coarse quantization of low-resolution ADCs, however,
introduces additional overhead for signal processing
and front-end design. To alleviate the problem caused
by low-resolution ADCs, a mixed-ADC architecture
was proposed (Liang and Zhang, 2016), in which only
a few high-resolution ADCs were reserved for signal
processing and front-end design. Another question is
how to determine whether an RF chain is connected to
high-resolution ADCs. Until now, in most work on
mixed-ADC systems, random connection has been
considered (Zhang Y et al., 2020); i.e., the RF chain
subsets are randomly selected to connect high-
resolution ADCs while the remaining RF chains are
connected to low-resolution ADCs. However, the
random connection way cannot fully exploit the ad-
vantage of high-resolution ADCs, since the channel
gain of RF chains connecting high-resolution ADCs
can be poor. To make full use of high-resolution
ADCs, we employ antenna selection in mixed-ADC
systems. We can select an RF chain subset with high
channel gain to connect high-resolution ADCs.

1.1 Related works

A few studies have focused on the performance
analysis of massive MIMO systems in terms of re-
ducing the quantization resolution of ADCs. For the
architecture of low-resolution ADCs, the spectral
efficiency (SE) considering maximum-ratio combin-
ing (MRC) and zero-forcing (ZF) reception algo-
rithms was investigated using an additive quantiza-
tion noise model (AQNM) by Orhan et al. (2015) and

Qiao et al. (2016), respectively. In particular, on the
basis of Bussgang decomposition, Li et al. (2017)
studied channel estimation and the achievable rate
when only one-bit ADCs were equipped. In Mollén
etal. (2017), massive MIMO with orthogonal fre-
quency division multiplexing (OFDM) was consid-
ered and the channel capacity of one-bit ADCs was
derived. Tan et al. (2016) and Zhang MJ et al. (2018)
investigated the SE of mixed-ADC architecture under
MRC and ZF reception algorithms, respectively.
Zhang JY et al. (2017) found that mixed-ADC archi-
tecture would achieve a better tradeoft between SE
and energy efficiency (EE) by adjusting the ratio of
high-resolution ADCs. Different from studying
single-hop systems, a two-hop massive MIMO re-
laying system with both mixed-ADCs and mixed
digital-to-analog converters (mixed-DACs) was in-
vestigated (Zhang JY etal., 2019). However, using
antenna selection has not been considered in the
performance analysis of mixed-ADC massive MIMO
systems.

All the above works considered full-digital ar-
chitectures on low-frequency Rayleigh or Rice fading
channels. Little attention has been paid to analog-
digital hybrid beamforming architectures over sparse
channels for mmWave communications. An analog-
digital hybrid beamforming architecture was pro-
posed (Venkateswaran and van der Veen, 2010; Ayach
et al., 2012) to reduce power consumption by de-
creasing the number of RF chains. An overview of
sparse channel models and beamforming, precoding,
and combining technologies in mmWave band was
given by Heath et al. (2016). Choi et al. (2017) pro-
posed a bit-allocation algorithm which adjusts the
number of quantization bits of ADCs to maximize SE
with the same power consumption. However, only the
case in which users configure a single antenna was
studied. Achievable rate analysis for multi-cell
mmWave massive MIMO systems with low-
resolution ADCs was performed by Xu et al. (2019),
but they considered only the full-digital architecture.

1.2 Contributions

We concentrate on a multi-cell mmWave mas-
sive MIMO system. In contrast to Xu et al. (2019), we
consider a hybrid beamforming and mixed-ADC
architecture and the employment of antenna selection.
Our goal is to analyze the system performance and
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investigate the corresponding power allocation
scheme. The main contributions are summarized as
follows:

1. We derive the exact and approximate closed-
form expressions of the uplink achievable rate for a
mixed-ADC multi-cell mmWave massive MIMO
system with antenna selection. The impacts on the
achievable rate of user transmit power, number of RF
chains at a base station (BS), ratio of high-resolution
ADCs, number of propagation paths, and number of
quantization bits are analyzed. The asymptotic anal-
ysis shows that the user transmit power can be scaled
down inversely proportional to the number of anten-
nas at the BS to maintain a desirable rate.

2. We propose a power allocation scheme to
improve the sum achievable rate. The power alloca-
tion problem is a general non-convex complementary
geometric program (CGP) problem, which can be
solved by solving a sequence of geometric program
(GP) problems. Compared with uniform allocation,
the proposed scheme can significantly increase the
sum achievable rate.

3. We study the EE of the system and gain in-
sights into the changes of EE from quantization pre-
cision and the ratio of high-resolution ADCs. To
maximize EE and achieve the best tradeoff between
the achievable rate and power consumption, the op-
timal number of quantization bits is derived through
numerical computation.
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Notations used in this paper are as follows: H
H', and H" represent the complex conjugate, trans-
pose, and Hermitian transpose operations of H, re-
spectively. A; is the i column of H. diag(H) is a di-
agonal matrix composed of diagonal elements of H.
Iy represents an N-dimensional identity matrix. |||
stands for the 2-norm of vector A. |-| is the operation
of modulus. HeC"" indicates that H is an NxM
complex matrix. A~~CN(a, B) indicates that & is a
complex Gaussian vector with mean a and covariance
matrix B. [E{} denotes the expectation operator.

2 System model

We consider a massive MIMO uplink network
with multiple cells, where each cell has one BS with
N; antennas serving N, users (N>>N,). A user has N;
antennas driven by a single RF chain and a BS has
Nrr RF chains with a mixed-ADC architecture,
among which Nrgy RF chains are connected to high-
resolution ADCs and Nrp1=Nrr—Nrro RF chains are
connected to low-resolution ADCs, as shown in Fig. 1.
Unlike previous systems, we add an antenna selection
module to select Nrgg RF chains with high channel

gain at the BS. We define y 2 Ny /Npp(0<y<1) as

the proportion of high-resolution ADCs in the hybrid
ADC architecture.
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Fig. 1 Hybrid beamforming architecture of the mixed-ADC multi-cell mmWave massive MIMO system with antenna

selection

ADC: analog-to-digital converter; DAC: digital-to-analog converter, mmWave: millimeter-wave; MIMO: multiple-input

multiple-output; RF: radio frequency; LNA: low noise amplifier
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2.1 Signal and channel model

Assume that all N, users of each cell simulta-
neously transmit mutually independent data symbols
to the BS of their respective cells. Due to inter-cell
interference, the signal received by the BS is

N, N N,
y:\/;Zkak +\/;ZZP;1,kxn,k tz, (1)
=1

n=1 k=l

where p is the user transmit power, N the number of
interfering cells, and x;~CN(0, 1) the signal trans-

mitted by the " user. p, =Q,F, eC"" is the
channel vector of the A" user. Q, eC"™" and

F, CM*! are the channel matrix and analog pre-
coding vector, respectively. z~CN(0,7, ) is the

additive white Gaussian noise (AWGN) vector.

Note that the channel state information (CSI) of
each RF chain can be acquired in a round-robin
fashion (i.e., only high-resolution ADCs are involved
in the channel estimation phase) (Zhang JY et al.,
2017). Consequently, the quantization imperfections
disappear. Moreover, assume that the channel esti-
mation error is quite small and that the obtained CSI
is perfect (Rahimian et al., 2020). Thus, all users’ p;
are perfectly known by the BS.

In mmWave band, @, can be expressed as

Ly

0 =B D 21,06, (9, ) € TN, ()
=1

where f; is the large-scale fading gain,
Li~max{Poisson(4,), 1} (Akdeniz et al., 2014) is the
number of propagation paths, and g ~CN(0, 1) is the
small-scale fading gain. Assume that the small-scale
fading gain of each propagation path is independent
and identically distributed (i.i.d.) (Zhou et al., 2018,

2020a, 2020b). a,(6, ) C""" and (¢, ,) e C*"

are the antenna array responses of the BS and user,
respectively.

Assume that the antenna is a uniform linear array
(ULA), i.e.,

1 . . . B T
a (9):_ e J27h9’e ]47&95.“’e j2n(N,-1)$ ,
' N

T

1 . . . _ T
a,(p) = [e 2np o-jdng . gizm(N, 1>¢] i

t

where 9=dsin(0)/A and ¢=dsin(@)/A (where d is the
spacing between the antennas and A represents the
wavelength).

With Eq. (2), the channel vector p; in Eq. (1) can
be modeled as

Ly
Pi =B 2 8raCii®: O ) 3)

where ¢, ; = al (¢ ))F, 1s the beamforming gain.
Consider that 8 refers to the uniformly spaced

spatial angle, i.e., $=dsin(6,)/A=(i—1)/N,, i=1, 2, ...,

N.. Matrix E:[ar(ﬁl),ar(ez),...,ar(HNr)] defined

by 6 is a unitary DFT matrix, EE"=E"E=I. Channel
vector py in Eq. (3) can be modeled as

N, ~
pi=,. " h,a.(0,)=Eh, @)

where h, € C"* is the beamspace channel vector
with non-zero elements. Each non-zero element L,
consists of a large-scale fading gain S, a small-scale
fading gain g, and a beamforming gain c,.

So, the signal received by the BS in Eq. (1) can
be expressed as

y:\/;ﬁx+\/zz,iv:1ﬁnxn +2, (5)

where fNI=E[ﬁl,ilz,...,ﬁ,v“JGCN"XN“ and

x € C"" are the channel and signal of all users in a
cell, respectively.

Assume that the analog receive beamforming
matrix in Fig. 1 is a sub-matrix of E, i.e.,
Wep = Egp € CM | and further assume that Egg
contains all the user transmission paths (Heath et al.,
2016). Then the signal processed by the receive
beamforming matrix is

N
y= pWﬁ;iIx+\/;ZW§FI:I,,xn+W§Fz
Lo (©6)
:\/;Hx+\/;Zann+n,
n=l1
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where H = [hl Jhy o hy } e CMwNu i5 2 sub-matrix
of [ill,ilz,...,ilN J and contains all the user trans-

mission paths. n=Wgpz ~CN(0,1 v, ), because Wee

is a unitary matrix.

Compared to the random connection method, we
employ antenna selection to decide whether to con-
nect an RF chain to high-resolution ADCs. We first
use antenna selection algorithms to select Ngrpg RF
chains with high channel gain, and then connect the
selected Nrgo RF chains to high-resolution ADCs and
the remaining Ngrg; RF chains to low-resolution
ADCs.

Define H, e C"*" as the channel between
all users with Nrgy RF chains selected by the antenna

N,

selection algorithms and H, € C"* as the chan-

nel between all users with the remaining Ngrr; RF
chains. Therefore, the received signal in Eq. (6) can
be expressed as

N
\/;Hox + \/;Z Hn,Oxn + n,
_ n=l1

= (7)
N
\/;Hlx + \/;Z Hn,lxn + nl
n=l1

2.2 Quantization model for mixed-resolution
ADCs

Consider that all low-resolution ADCs have the
same number of quantization bits and adopt AQNM
to transform the nonlinear quantization process into a
linear form. The signal after quantization is

]

TLoG

i N

\/;H0x+ \/;an,Oxn +n, ®)
n=1

N 2
a\/;Hlx + \/;Z H,,x, +an +ng
L n=1

where Q(+) is the quantization function, a=1-9 is the
quantization gain, and J is the distortion factor de-
termined by the number of quantization bits 5. The
exact values of ¢ are listed in Table 1 when <5, and

6 ~~3n27% /2 when b>5 (Zhang JY et al., 2019). n,

is the additive quantization noise, and the covariance
matrix of ng is

R, =a(l-a)diag(pHRA} +1, ). ()

where H, :[HlaHl,laHz,l,...,HNJ] e CNrrx(NFDN,

is the channel between all users with Ny, RF chains

connected to low-resolution ADCs, and R, is the
covariance matrix of the transmitted signal. In this
study, we assume x~CN(0, 1). So, R,=I. Eq. (9) can
be expressed as

. 7 gH
R, =a(l-o)diag(pH,H' +1,,_ ). (10)
Table 1 Values of 0 for different values of b
b 0 b 0
1 0.3634 4 0.0095
2 0.1175 5 0.0025
3 0.0345

3 Uplink achievable rate

In this section, we first derive the closed-form
expression of the uplink achievable rate for the MRC
receive algorithm, and then show that the perfor-
mance loss caused by low-resolution ADCs can be
compensated for by increasing the number of RF
chains.

3.1 Exact achievable rate

Let A be an NgpxQV, digital receive matrix in

Fig. 1. Similar to H, we decompose A4 into
Ay € CVo M and 4, € CNre N
Ay
A= . (11)
A,

The quantized signal vector in Eq. (8) is pro-
cessed as

r= Aqu = \/;Aé{Hox-’-\/;Z;v:lA(l){Hn,Oxn

+ A ny + a\/;AlﬁHlx + a\/;zNil AIHHann (12)
+ad{'n, + Alan.



576 Zhou et al. / Front Inform Technol Electron Eng 2021 22(4):571-585

The received signal of the k™ user can be ex-
pressed as

Nu
- H H H
1=y pay oy oxi o pag by x+y p E aioh;ox;

Jj=Lj#k
L& H & H
NP D @b, 0% Tl D ahhyx,
n=l j=I J=Lj=k
e H H H H
+a./p ZZakﬁlhn’j,lxn’j +tagonyt+oa n+agng,

n=l j=1

(13)
where ay is the k™ column of Ay and ay, is the K
column of 4;. The achievable rate of the k™ user is

D
R, =E{log, | 1+—% |},
k { gz[ Jk}}

2 2
_ H 2| H H H
Dy = P(‘”k,ohk,o‘ ta ‘ak,lhk,l‘ + Zaak,ohk,ohk,lak,lj

(14)

where

(15)
is the desired signal power and
N N
J = ol h 2. 9 - H 2
k=P poh;o| tap a\n;,
j=lj#k J=Lj=k
N Ny 2 N Ny 2
H 2 H
+P22‘ak,ohn,j,0‘ ta pzz‘ak,lhn,j,l‘ (16)
n=1 j=1 n=1 j=1

2 2
2 H
+||ak 0” +a "ak 1” +a; an a,
, , 10y Tk,

is the interference-plus-noise power.

Then we will derive the closed-form expression

of the uplink achievable rate for the k™ user in
Eq. (13).
Theorem 1  For mixed-ADC multi-cell mmWave
massive MIMO systems and using the MRC receive
algorithms with prefect CSI at the BS, the
closed-form expression of the K™ user achievable rate
is given as

M
R, :10g2(1+ L ], a7

N, +O,+F +85,

where

My = phe (A +e™ )[Ww o[- y)}

_ 2, e
+2app; (’1.3 +A, +e b ) ck,0| |Ck,1| y(d=7)

woby (2 44y e ™) {19
2 2

'[(lck,olzj 72+a2(lck,1|2] <1—y>2],

N, =p(lp +e )2
. i B |Ck)0|2|c‘/.,0|2y+a|ck’l|2|cj,1|2(1—y) (19)
=y / Nip ’

0, = p(/lp +e )2
ZN:iﬂ |Ck,0|2 C,,,/,0|2)’+0C|Ck’l|2 Cn’j’l|2(1—y)
=l j=1 " Nip ?

(20)

B =(4,+e" )Dckﬁry + aﬂ(l - V)} @21

S, =2a(l-a)pf (4 +e 7 e[ =2, @2)

1
‘le ,| /L and |ck’]| =

i
ck1| /Ll are the mean values of |ck0| and

where

2,
I=Ly+1

|ck’1|[ , respectively (Ly is the number of propagation

c|—
|k0 I=1

paths in RF chains connected to high-resolution
ADCs, L, is the number of propagation paths in RF
chains connected to low-resolution ADCs, and i is 2
or 4).

Proof is provided in the Appendix.

3.2 Asymptotic achievable rate analysis

From Theorem 1, we can obtain that the
achievable rate of the ™ user is related to the transmit
power p, number of propagation paths 4, beam-
forming gain ¢;;, number of RF chains Ngp, and
number of ADC quantization bits . To have a pro-
found understanding of Theorem 1, we use Corol-
lary 1 and provide a few remarks on the achievable
rate as follows:

Corollary 1 When the number of propagation paths
Jp 1s large and users have only a single antenna,
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Eq. (17) can be approximated as

(23)

~ T
R, ~log,| 1+ —HF |
Ly + 1y + 15

where

Ty=pby {ly+o (1= )]+ Gyt D+ a(l= )}, (24)

Ty = pip 0 ”[ > 5 +ZZ/)’,,,} (25)

J=1,j#k n=1 j=1
Liy=y+a(l-y), (26)
Lz =2a(1=a)pp (1-7). @7n

Proof When /, is large, 4, + e~ 4,- When users

have only a single antenna, c;~1. Substituting

Ay + e~ /4, and ¢, =1 into Eq. (17), we can obtain

the result.

In Eq. (23), we can find that the performance
loss caused by low-resolution ADCs can be com-
pensated for by increasing the transmit power of users
and the number of RF chains.

Remark 1 With fixed Ngr and b, when p—oo,
Eq. (23) increases to

- T,
R, —>log,|1+—*—1| (28)
Lpy+ 15

It is clear in Eq. (28) that using more RF chains
can improve the achievable rate by reducing inter-
and intra-cell interference. When Nprg—o0, Eq. (28)
increases to

y+a’(l-y)
2a(1-a)(1-7y)

L Gyt D[prat=p]
2a(1-a)1-7)
(29)

R,—log, (1—1—

Eq. (29) shows that increasing the transmit
power and the number of RF chains to infinity will
make the rate approach a constant related to the
number of quantization bits. This indicates that the
performance degradation by low-resolution ADCs to
the achievable rate cannot be eliminated by increasing
the user transmit power and the number of RF chains.

Remark 2 With fixed Npr and p, when b—oo,
Eq. (23) converges to

Phy (4 +2)

[ $ ﬁ+ZZﬁMJ

Jj=l,j#k n=1 j=1

R,—log, | 1+

(30)

Similar to Eq. (28), we can increase the number

of RF chains to improve the achievable rate by re-

ducing inter- and intra-cell interference. When

Nrr—», the full-resolution achievable rate in Eq. (30)
increases to

R, > log, [1 + By + 2)]. (31)

Eq. (31) shows that even an infinite number of
antennas cannot make the full-resolution achievable
rate increase to infinity with fixed A,. The reason is
that increasing the number of antennas does not
eliminate the interference of AWGN on the signal.
Remark 3 With fixed b and p, without loss of gen-
erality, assume that Ngg=uN; and A,=vN,, where 0<pu,
v<1. Eq. (23) reduces to

U,
~ log, {1 +—Ik i ] (32)
where

Ui = pB {[y+ > A=)1+ ON, + DIy + (=T},
(33)
Iy =ply+a(-y)]— ( 3 8, +22ﬁn,} (34)

J=Lj#k n=1 j=1

Is =[y+a( -]+ 2a(-a)pB(1-y). (35)

Different from Egs. (29) and (31), the achievable
rate in Eq. (32) will increase indefinitely with the
increase in the antenna number. This is because the
number of propagation paths 7, is not fixed as in
Remarks 1 and 2.

Remark 4  On the basis of Remark 3, we further
assume that the transmit power is inversely propor-
tional to the number of RF chains, i.c., p=E,/Ngr.
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When N,—x, Eq. (32) reduces to

E,pvly +a(l-y)]
u

R, —>10g2[1+ ] (36)

where E, is a constant. Eq. (36) shows that we can
scale down the average transmit power p proportional
to 1/N, and maintain the same achievable rate.
Meanwhile, the result is consistent with that in Re-
mark 5 in Choi et al. (2017) when y=0.

4 Power allocation

As seen in Remark 1, we cannot enhance the
achievable rate by simply increasing the transmit
power. This is because boosting the transmit power
will enhance both the desired and interfering signals.
In this section, we study the optimal power allocation
to maximize the sum rate of the mixed-ADC multi-
cell mmWave massive MIMO system with a total
power Pr.

This optimization problem can be expressed as

N, N,

A :maxZRk subject toz,ok + B, <P,
~h 3 k=1
p20,F =0,

G37)

where p=[p, P, Py 1" is a transmit power vector,

and Pg is the power consumed by the BS which de-
termines the ratio of high-resolution ADCs and the
number of quantization bits.

According to Eq. (17), P; can be reformulated as

N, N,
P gl%)nH(ka )™! subject to Zpk +P< P,
7B k=l k=1
p=0,F 20,

(38)
where  &=Mi/(N+O;+Pi+S) is  the signal-to-
interference-plus-noise ratio (SINR) of the K™ user. P,
is a general non-convex CGP optimization problem.
At present, we can obtain only its approximate solu-
tion by solving a sequence of GP problems. As for the
GP problems, we use standard convex optimization
tools to solve them. Algorithm 1 describes the spe-
cific steps to settle problem P,.

Algorithm 1
for P,

Successive approximation algorithm

(1) Initialization: Define tolerance ¢ and parameter . Set j=1
and the initial value a according to SINR in Theorem 1, with
pi=P1/(2N,) and Pg=P7/2.

(2) Tteration j: Compute vy :a/ A+ ¢&;). Then solve the GP
problem Ps:

NU
P, : min | If;v" subject to 0™ '¢;, <& < wéy,
P B
k=1

Epiién <1, k=1,2,.,N
N,

Zpk+PBSPT’ pZO,PBZO
k=1

(39

us

Denote the optimal solution by f,gi ) for k=1,2, ..., N,

(3) Stopping criterion: If max,

g’lgj ) —a‘ < ¢, then stop; oth-
erwise, go to step (4).

(4) Updating the initial values: Set é:_k = gvlgj ) and Jj=j+1. Go to
step (2).

5 Results and discussion

Simulation results are given in this section to
verify the correctness of the closed-form expression
in Eq. (17) and analyze the benefits to the system
performance of using antenna selection algorithms.
Then, the benefit of the power allocation algorithm is
illustrated. In addition, we explore EE to show that
the mixed-ADC architecture can achieve a better
tradeoff between SE and EE.

Unless otherwise specified, the following simu-
lation parameters are assumed: The number of inter-
fering cells is 6, and each cell has eight users who are
randomly distributed at a distance of 30 to 200 m
from the BS, i.e., 30<d<200, where d is the distance
between the user and BS. The large-scale fading gain
[=T72+29.2logd+y (dB) (Abbas et al., 2017), where
w~CN(0, 8.7) is the shadow fading gain. Assume that
the number of RF chains Nyr=0.5N; and the number
of propagation paths 4,=0.1N,.

5.1 Achievable rate

To explore the performance improvement of
applying antenna selection algorithms in mixed-
resolution ADC systems, the sum rate of a multi-cell
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mmWave massive MIMO system with the cases of
antenna selection and random connection is depicted
in Figs. 2—7. Note that antenna selection means that
we select Nppp antennas according to the antenna
selection algorithm proposed in Choi et al. (2018) to
connect high-resolution ADCs, whereas random
connection means that the random antenna selection
mode is employed.

Fig. 2 illustrates the simulation results in Eq. (14)
and closed-form expression results in Eq. (17) over
the number of antennas with high-resolution ADC
ratio y=0.1 and the number of quantization bits b=1, 2,
. We can see that the results in simulation and The-
orem 1 are approximately equal and that the trend is
consistent. This proves the correctness of the results
we have obtained in Eq. (17).

Fig. 3 shows the sum rate over the transmit
power p with high-resolution ADC ratio y=0.5 and the

16

o Theorem 1
== Simulation
14 }
z 12} b
<
=
210+
)
®
£
[ b=1,2, =
6l
L.
4 | I L i ; i
100 150 200 250 300 350 400 450 500

Number of BS antennas

Fig. 2 Uplink sum rate derived from the simulation and
Theorem 1 against the number of antennas N, for
p=30 dB, y=0.1, and b=1, 2, ©
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number of BS antennas N=256 for the number of
quantization bits b=1, 2. We can see in Fig. 3 that
applying the antenna selection algorithm significantly
increases the sum rate in the considered system at any
signal-to-noise ratio (SNR). When b=1, the system
performance using the antenna selection algorithm
increases by about 20%, while the improvement is
only 5% when b=2. Therefore, the antenna selection
algorithm improves the system performance more
significantly when b is small. It can also be seen that
the sum rate does not increase with transmit power to
infinity but reaches a constant. This proves the cor-
rectness of Remark 1.

In Fig. 4, we investigate the uplink sum
achievable rate over the number of antennas with the
number of quantization bits b=1 for high-resolution
ADC ratio y=0.1, 0.5. Figs. 4a and 4b show fixed
transmit power p=30 dB and the power scaling law of

20 ---Antenna selection ‘ ' ' By
18 +—Random

10 20 30 40
Transmit power (dB)

50

Fig. 3 Uplink sum rate of antenna selection and random
connection against the transmit power p for N=256,
y=0.5, and b=1, 2
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1"

)
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© o
—,

oo

Sum rate (bit/(Hz's

250 300 350 400 450
Number of BS antennas

(b)

200

150

[
100 500

Fig. 4 Uplink sum rate of antenna selection and random connection against the number of BS antennas /V, for b=1 and

y=0.1, 0.5 with p=30 dB (a) and p=E,/Ngg with E,=50 dB (b)
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p=E./Nrr with E,=50 dB, respectively. It is observed
that the sum rate at which the antenna selection algo-
rithm is applied at y=0.1 is approximately the same as
the rate of random connection at y=0.5. This shows
that applying the antenna selection algorithm can
greatly reduce the number of high-resolution ADCs to
maintain a desirable rate. On the other hand, for
p=30dB, the sum rate increases to infinity when
N,— but for p=F,/Ngr, the sum rate reaches a con-
stant. This proves the correctness of Remarks 3 and 4.

Fig. 5 presents the sum rate over the high-
resolution ADC ratio y with the number of antennas
N=256 and transmit power p=30 dB for the number
of quantization bits b=1, 2, co. The sum rate increases
with the increase in the high-resolution ratio y, and
eventually increases to the rate of the full-resolution
case, which is consistent with the actual situation.
Compared to the approximate linear growth of ran-
dom antenna selection, the antenna selection algo-
rithm makes the sum rate increase faster with the
increase of y, and the rate at y=0.7 is almost the same
as the rate at full resolution. This indicates that we can
make y=0.7 to reduce the cost and power consumption
of the system and apply the antenna selection algo-
rithm to maintain the performance of the full-
resolution system.

To explore the impact of analog-digital hybrid
beamforming on system performance, Fig. 6 illus-
trates the sum rate over the ratio of the RF chain u
with the number of antennas N,=256, transmit power
p=30 dB, and high-resolution ADC ratio y=0.5 for the
number of quantization bits =1, 2. Under the case of
random connection, the difference in the system
performance caused by quantization bits does not
change as the ratio of the RF chain increases. How-
ever, as for the case of antenna selection connection,
this difference continues to decrease and can be ig-
nored when £>0.8. Therefore, when the ratio of the
RF chain is large and antenna selection connection is
applied, we can reduce the resolution of ADCs
without causing loss to the achievable rate of the
system.

5.2 Power allocation

We verify the promoting use of Algorithm 1 on
the system sum rate in Fig. 7 with the total power
Pr=40 dB. The uniform power allocation is the ini-
tialization in Algorithm 1, ie., p/=P1/(2N,) and

Pg=P1/2. We can see that the power allocation algo-
rithm clearly promotes the sum achievable rate
compared with the uniform power allocation. For
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Fig. 5 Uplink sum rate of antenna selection and random
connection against the high-resolution ADC ratio y for
N,=256, p=30 dB, and b=1, 2, ©
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uniform power allocation with antenna selection, the
power allocation algorithm improves the sum rate by
about 50%, and for random connection, the im-
provement is about 70%. This confirms that power
allocation is necessary in mixed-ADC multi-cell
mmWave massive MIMO systems.

5.3 Energy efficiency

In this subsection, we investigate the EE of the
mixed-ADC mmWave massive MIMO system to
evaluate the tradeoff between SE and EE. EE can be
defined as

er = B (bil),

total

(40)

where B=1 GHz is the bandwidth and P, is the total
power consumed by the BS. Considering the system
model in Fig. 1, Py, can be expressed as

B = Ny (Fna + B + Npphg) + Nep (Brp + )
+2NgroBaanc + 2Nre1Banc + Big»
(41)

where Pina, Ps, Prs, Prr, Pc, Pes, Prapc, and Pprapc
represent the power consumed by the low-noise am-
plifier (LNA), splitter, phase shifter (PS), RF chain,
combiner, baseband processor, high-resolution ADCs,
and low-resolution ADCs, respectively.

The power consumption parameters in the sim-
ulation are configured as Py y3=39 mW, Ps=19.5 mW,
PPS:2 mW, PR]::4O mW, PC:195 mW, PBB:200 mW
(Abbas et al., 2017). Power consumed by ADC can be
expressed as

Pypc =mB2", (42)
where m is the ADC Walden figure and m=5-15 fJ per
conversion step (Abbas et al., 2017) when B=1 GHz,
and b is the number of quantization bits of ADC.
With the help of the power consumption models
in Egs. (41) and (42), EE of the multi-cell mmWave
massive MIMO system with mixed-ADCs is studied
in Figs. 8-10. We illustrate EE over the quantization
bits with transmit power p=30 dB for Nrre=0, 5, 10,

128 in Fig. 8. Systems with full low-resolution ADCs
achieve the highest EE, which means that high-

resolution ADCs reduce the EE. However, SE of the
full-resolution ADC system is quite low and brings
great difficulties to the front-end design of the system.
Moreover, we can see in Fig. 8 that EE tends to rise
first and then decrease, and peaks when b=3.

Fig. 9 demonstrates the power consumption of
the receiver versus the uplink sum rate for different
numbers of quantization bits. When the number of
quantization bits is small, i.e., b<4, the sum rate of the
system increases rapidly with the increase of the
number of the quantization bits and the power con-
sumption is almost constant. However, when >4, the
power consumption increases dramatically. The rea-
son for this phenomenon is that the power consump-
tion of ADCs is exponentially increasing. Thus, 4-bit
ADCs will achieve the optimal tradeoff between the
sum rate and power consumption.

120 T T T
—— Nrro=0, Nrr1=128
&= Nrro=5, Nrr1=123
100f =8 Nrro=10, Nrr1=118
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Fig. 8 Energy efficiency of multi-cell mixed-ADC

mmWave massive MIMO systems over different num-
bers of ADC quantization bits with V=256 and Nggy=0,
5,10, 128
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Fig. 9 Power consumption versus sum rate with V,=256
and NRF(]:O’ 5, 10
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Fig. 10 depicts the effect of analog-digital hybrid
beamforming on the EE. Comparing Fig. 6 with
Fig. 10, we can see that the hybrid beamforming
technology exchanges SE for EE. At the same time,
the hybrid beamforming technology is more effective
in improving EE when the high-precision ADC ratio
is relatively low. In actual deployment, we can bal-
ance SE and EE to design the system architectural
parameters.

Energy efficiency (Mb/J)

b=1,2

01 02 03 04 05 06 07 08 09 10

Ratio of the RF chains
Fig. 10 Energy efficiency against RF chain ratio x4 for
b=1,2

6 Conclusions

In this paper, we have investigated the achieva-
ble rate of a multi-cell mmWave massive MIMO
system with a mixed-ADC and hybrid beamforming
architecture considering antenna selection. Both exact
and approximate closed-form expressions for the
uplink achievable rate have been derived. Then, we
have analyzed the impacts of the user transmit power,
number of RF chains at BS, ratio of high-resolution
ADCs, number of propagation paths, and number of
quantization bits on the achievable rate, and proved
that the user transmit power can be scaled down by
1/N; to maintain a desirable rate. Numerical results
have shown that employing the antenna selection
algorithm is an effective method for improving the
performance of the mixed-ADC system. We have
proposed an efficient power allocation scheme which
can significantly increase the sum achievable rate.
Finally, we have investigated the EE and found that
the system will achieve the highest EE and the best
tradeoff between the achievable rate and power con-

sumption when BS configures 3- and 4-bit ADCs,
respectively.
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Appendix: Proof of Theorem 1

Applying Lemma 1 in Zhang Q et al. (2014), we
can obtain the approximate solution of Eq. (14):

E{Dk}j_ Al

R, =log,| 1+
k gz{ E{J,}

For the MRC receive algorithm, the digital
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receive matrix 4 in Eq. (11) can be expressed as

A H
A== 0|
A, H,
The desired signal power in Eq. (15) can be ex-
pressed as

(A2)

D, =l e 2 o)

(A3)
and the interference-plus-noise power in Eq. (16) can
be expressed as

N, N,
u H 2 2 u H 2
Jo=p Y |Wfoho| +a?p D |nfim |

J=Lj=k J=1j#k

N N\.l H 2 2 N N\.l H 2
+pzz‘hk,0hn,j,0‘ +a pzz‘hk,lhn,j,l‘ (A4)

n=1 j=1 n=1l j=l1

2.2 2 H
o+ |+ LR, -

We first define an indicator function f to char-
acterize the sparsity of the channel matrix:

1, ifieQ,
f{ieQ} =

. (AS)
0, otherwise.

With this indicator function f, the channel gain be-
tween the A" user and the /™ RF chain can be ex-
pressed as

hkzzf{iemk} Be8riCris k=12,---\N,,  (A6)

where R;={ilh; #0, =1, 2, ..., Ngr}.
We then calculate the expectation for the number
of propagation paths L in Eq. (2):

E{L} = Pr(L = 0) + iZPr(L =l)=e" + 7. (A7)
=1

Similarly, the expectation of L* can be derived as

E{*}=P(L =0)+ilzP(L =D=e™ + 1, + 2.
=1

(A8)

We finally solve Egs. (A3) and (A4) to obtain the
result. For Eq. (A3), we first obtain

- (A9)
‘f{lemk} B 8k,iCk,i ‘2 }

Cro |2 (/lp+ e )y.

Similarly, we can obtain

B{la,

Lk}= Blew| (5 +e 7 Ja=-n. (10

4
Lk: as

Then, we calculate “|hk,0 "

2
Ny 2
=E (z f{ze‘RA} ﬁkgklckl‘ J (All)

i=1

4 .
=B Ck,0| (/lp+e i )V

+ B Uck 0| j (i‘f+ip+ o )yz
Similarly, we can obtain

B[ |1

ﬁk|ck1| (iper )(1_3’)

(A12)

2
+57 Uck1| ) (i;Jrﬂp’Le_)T)(l_V)z-

Substituting Eqs. (A9)—(A12) into Eq. (A3), we
can obtain the desired signal power as
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LEDy
P

-l el ) |

=B (’lp +e )Dck,or}’ + 0‘2|ck,1 |4 (- V)}

+ Bt (/llf +h e )(|ck’0|2 Jz 7

2
AN v 1
+2ap} (/13 + 2, + e )|ck’0|2 Cra |2y(1 —9).
(A13)
For Eq. (A4), we first calculate
E{‘hgoh 1,0‘2 Lk} as
E{‘h,ffohj’o ? Lk}
NRFO NRFO
_E{th, HZhj,h,“}
NRF()
Sopths] o
i=1
NRFO

=bib; Z|Ck0| ‘Cj, ‘ {f{lefik zsn}}

(/Ip +e )2 7.

5

2
kﬁj|ck,0| ‘Cj,O N
RF

>

Similarly, we can obtain

E{‘h,?’lhj,l‘z Lk}
- 1 , (A15)
:ﬁkﬁj|ck,l| ‘ j,l‘ New (iere Ap) (I=y),
{‘hlflo n,j,1 }
— (A16)
n/ck0| Cn;o‘ N—RF(ip+e v) 7.

Then, using Eq. (10) we can obtain Eq. (A17) as

1
a(l—a)
:E{hfldiag(p}_l H'+1, . )hkl}

ol St (Bl < £ 5

(a8, |1

n,j,i
n=1 j=1

8

Bl (% +e 7 Ja-»)

+208 e[ (% +e 7 )a-n

N,

+pﬁk2ﬁj|ck,l|2‘cj,lz 1 (j-ere_jp)z(l—V)
J#k

+pﬂk22ﬂn1 ckl| cn]l (}‘p+e ) (I_V)
n=1 j=1

(A17)

Substituting Egs. (A14)—(A17) into Eq. (A4), we
obtain the interference-plus-noise power as

EdJ,}
=pps (e_ip +ip)2
Zﬂl Ny [|Ck0| ‘ ,0‘ V+a|ck1| ‘_;,1‘2(1—3’)}

Jj#k
N N,
+ ppy (}-p +e )2 zzl:ﬂn/
-1 j=
. NLRF|:|Ck,o|2 ‘Cn,j,O Y+ |ck,1|2 e 2 (- y):|

+ 5 (/lp ye ){W}) + am(l - y)}

+20(1=pf (7 +¢7 e [ @ -.

(A18)

Substituting Egs. (A13) and (A18) into Eq. (A1),
we obtain the final result in Eq. (17).
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