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Abstract

ADCs/DACs in FD massive MIMO systems.

We investigate the uplink and downlink achievable rates of full-duplex (FD) massive multi-input multi-output (MIMO)
systems with low-resolution analog-digital converters/digital-to-analog converters (ADCs/DACs), where maximum
ratio combining/maximum ratio transmission (MRC/MRT) processing are adopted and imperfect channel state
information (CSI) is assumed. In this paper, the quantization noise is encapsulated as an additive quantization noise
model (AQNM). Then, employing the minimum mean-square error (MMSE) channel estimator, approximate
expressions of the uplink and downlink achievable rates are derived, based on the analysis of the quantization error,
loop interference (L), and the inter-user interference (IUl). It is shown that the interference and noise can be
eliminated by applying power scaling law properly and increasing the number of antennas. Moreover, given the
number of antennas, it is found that the uplink and downlink approximate achievable rates will converge to a
constant when the number of quantization bit tends to infinity. Therefore, the system performance that can be
improved by increasing ADC/DAC resolution is limited, implying that it is reasonable to adopt low-resolution
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1 Introduction
Equipped with a large number of antennas, massive
MIMO system can effectively exploit the space resources
to enhance the system spectral efficiency. On the other
hand, full-duplex (FD) technology can double spectral
efficiency theoretically since it simultaneously transmits
and receives signals on the same frequency resources
and enables two-way communication. However, how to
eliminate the loop interference (LI) caused by FD is one
of the major problems. In order to reap the benefits
of these two key techniques, many papers have studied
one massive MIMO system that is endowed with the FD
functionality [1-5].

However, the base station (BS) with a large number
of antennas will incur excessive hardware cost and radio
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frequency (RF) circuit power consumption. In particu-
lar, each receive antenna needs to be equipped with one
analog-digital converter (ADC) unit, and each transmit
antenna needs to be equipped with one digital-to-analog
converter (DAC) unit. A typical flash ADC with b-bit
and the sampling frequency f; operates f;2? conversion
steps per second [6]. Therefore, using high-resolution
ADCs can result in excessive overhead and power con-
sumption, which is a major bottleneck in implement-
ing massive MIMO systems. One way to deal with this
issue is to adopt low-resolution ADCs [7]. Recently, many
papers have studied the impact of low-resolution ADCs
on massive MIMO systems. In [8], massive MIMO sys-
tems with low-resolution ADCs was studied and the
uplink achievable rate was derived under Rayleigh fading
channel. Then, this work was extended to the Rician fad-
ing channel in [9], where the uplink spectral efficiency
(SE) was derived. Jia et al. [10] considered a more gen-
eral FD massive MIMO relaying system where the relay
is equipped with low-resolution ADCs, and the authors
derived the approximated expression of the sum rate.
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Jiao et al. [11] assume that the receive antennas of the
FD mode relay are equipped with low-resolution ADCs
and [12] consider that low-resolution ADCs are used at
both the relay and users. Kong et al. [13] studied the
transmit processing with low-resolution DACs based on
a minimum mean-square error (MMSE) approach. How-
ever, the low-resolution ADCs are not used at the transmit
antennas of the relay in the above literature.
The main contributions of our works are as follows:

e We consider a FD massive MIMO system where the
receive and transmit antennas are equipped with
low-resolution ADCs/DAC:s is proposed in this
paper. With the aid of additive quantization noise
model (AQNM) and MMSE criterion, the uplink and
downlink asymptotic achievable rates under
imperfect channel state information (CSI)
environment are derived.

e However, when the low-resolution ADCs/DACs are
used at the receive and transmit antennas of the FD
mode BS simultaneously, it is urgent to suppress the
influence of the LI and study the effect of the
quantization error on the system performance. In
order to analyze the uplink and downlink asymptotic
achievable rates intuitively, we study the effect of the
quantization error, LI, and the inter-user interference
(IUI). The following three cases are considered as
follows: (1) with fixed Py, Pp, and M, when b — oo
(ay = ag = 1); (2) with fixed b and M, when
Py = Pp — 00; (3) assuming that the transmission
power of BS and each user are scaled with M, i.e.,

Py = Eyy/M and Pp = Ep/M, where Ey; and Ep are
fixed values.

e Based on the derived asymptotic expressions of the
uplink and downlink achievable rates, we show that
the multi-user interference, LI, quantization noise,
and additive white Gaussian noise (AWGN) can be
eliminated by applying power scaling law properly,
increasing the number of antennas and ADC/DAC
resolution. However, the system performance that
can be improved by increasing ADC/DAC resolution
is limited, implying that it is reasonable to adopt
low-resolution ADCs/DACs in FD massive MIMO
systems.

This paper is organized as follows. Section 2 introduces
the FD massive MIMO system model, where the receive
and transmit antennas are equipped with low-resolution
ADCs/DACs. We derive a approximate expression of the
uplink and downlink achievable rates for imperfect CSI in
Section 3. Then, we analyze the impact of several interfer-
ences/noise including multi-user interference (MUI), LI,
and noise on achievable rates. The numerical simulation
results is analyzed in Section 4. Conclusions are drawn in
Section 5.
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Notations: The symbols used in this paper are as
follows: (A)T, (A)H, tr(A), ||A|l, E{e} represent the
matrix transpose, conjugate transpose, matrix trace, the
Euclidean norm, and expectation, respectively; [A],,, rep-
resents the # x n diagonal entry of matrix A; Iy denotes
M x M identity matrix; and x; ~ CN (0,07) denotes the
ith entry of a circularly symmetric complex-Gaussian vec-
tor x, whose mean and variance are 0 and al.Z, respectively.

2 System model

As shown in Fig. 1, we study a single-cell FD massive
MIMO system, which has N users, assuming that BS is
equipped with 2M antennas (M antennas for transmis-
sion and M antennas for reception) and each user has
two antennas (one for transmission and one for recep-
tion) [14]. The downlink and uplink channel matrices are
denoted as Gp = [gp1, - ,8pn] € CP*N and Gy =

[gu,l’ e ,gu,N] € CM*N _respectively. For simplicity, we
decompose the downlink and uplink channel matrices as
G, = HaDLI,/2 (a € {D,U}), where H, € CM*N repre-

sents the M x N fast fading channel matrix, which has
independent and identically distributed (i.i.d.) elements,
each of which follows the distribution of CA (0, 1), D, is
the N x N diagonal matrix and its nth diagonal entry is
[Dg)e = Ban which represents the large-scale channel
fading. The LI channel matrix between transmit anten-
nas and receive antennas of the BS are denoted as G; €
CM*M whose entries are i.i.d. and follow the distribution
of CN (0, ,U%I). Let us denote Gy = [glu,l, e ,glu,N] €
CN*1 as TUI channel with [Gy/] ij representing the chan-
nel coefficient from the ith user to the jth user. All the
elements in Gy are assumed to be i.i.d. with the distri-
bution of CN (O, 83) Moreover, (Gl = gun denotes
the coefficient of self-interference channel of the nth user.
To reduce the hardware cost and the power consump-
tion, it is assumed that the receive antennas and transmit
antennas at the BS are both equipped with low-resolution
ADCs/DACs as shown in Fig. 1.

It is difficult to obtain the perfect CSI in the practical
massive MIMO system. Therefore, the imperfect CSI is
assumed in this paper. We consider a transmission within
the coherence interval T and use 7 symbols for pilots. The
power of pilot symbols is Py, while the MMSE estimate of
G, is Ga. The channel estimation error matrix which is
independent of G, can be expressed as

AG, 2 G, — G,. (1)
The variance of element of AG, are defined as Aofm =
ﬂa,n

The uplink received signal y;; at the BS before the ADCs
and the downlink un-quantized transmit signal yj, can be
expressed as
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Fig. 1 System model

Yu = VPuGuxu + 1y PpoGriyp + nu, (2)

3)

where y, is the quantized signal of the transmit anten-
nas at the BS, and P;; and Pp are the transmission power

Yp = Wxp,

of the users and BS, respectively. W = [wy,...,wy] €
CM*N represents the downlink precoding matrix. And
xp =[xp1,--,xpN1T, xu =[xu1,-- xun]? are the

transmit signal vectors of the BS and users, respectively,
satisfying ]E{xaxg} = In(a € {D,U}). ny ~ (0, ULZIIM)
denotes the AWGN vector at the BS. 7 is the factor that
depends upon the extent to which the LI is eliminated.

In this paper, we adopt the AQNM which has been
applied widely, and the uplink received signal at the
BS y;; and the downlink transmit signal yj after the
ADCs/DACs can be processed as

Yu = %Yy + qu (4)

Yo = %a4Yp + qps (5)

with ¢y, = 1 — p, and oy = 1 — py, where p, and
pq are the inverse of the signal-to-noise and quantiza-
tion noise ratios for the uplink and downlink, respectively,
which depend on the number of quantization bits. For the
non-uniform MMSE quantizer, the values of p, and py

are given in Table 1 for the number of quantization bits
b < 5.For b > 5, p, and p; can be approximated by

ou (pg) = ”T“/g .272b [14,15). q; and qp denote the addi-
tive Gaussian quantization noise (AGQN) for uplink and
downlink signals, respectively. For given channel matrices
G, (a € {D,U}), Grr , Gy, and precoding matrix W, the
covariance matrices of q;; and qp are respectively given
by [10]

Rg, =E {qu‘IZ} =y (1 — ay) diag
N R H
<PLI <Gu + AGu> (Gu—i-AGu) +T) ,
(6)

Ry, = E{qpall} = aq (1 — ay) diag (WWH),  (7)

where T = nPpGy; (aZiWWH + RqD) GZ + O’LZIIM .
Table 1 p, (o) for different ADC quantization bits b (b < 5)

b 1 2 3 4 5
0.3634 0.1175 0.03454 0.009497

pulpa) 0.002499
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3 Analysis of uplink and downlink achievable
rates

The uplink and downlink asymptotic achievable rates for
imperfect CSI are derived in this section. Then, we inves-
tigate that the quantization error, LI, and the IUI can be
eliminated by applying power scaling law properly and
increasing the number of antennas based on the derived
expressions.

The maximal-ratio combining/maximum ratio trans-
mission (MRC/MRT) are considered in the paper. The
beamforming and precoding matrix of MRC/MRT are
written as [16]

F= Gu
_1
W = Gp (1 (660))
where F and W denote the uplink decoding matrix at the
receiver side and the downlink precoding matrix at the
transmit side, respectively.

We first provide some results that will be used in the
following derivations.

(@)

Lemma 1 The following results hold:

]E{”ga,nnz} = ,BanMKam

E{ | } (M+M2) Kanr n=i ©
angal ﬁa nﬂa iMKa,nKa,ir n#i ’
where kg, = li’;f% (a € {D,U}).

Proof The proof can be readily proved by using
Lemma 3 in [17], when Rician K-factor is set as zero. [

Lemma 2 The following results hold:

1,y n .
M@@em, (10)

where D, = diag (ﬁa,llca,l, e , ﬂa,NKa,N) isa

diagonal matrix.

s Bankans -+ -

Proof The proof can be readily proved by using
Lemma 5, (70) and (92) in [17], when Rician K-factor is
set as zero. O

3.1 Analysis of uplink achievable rate
With the help of (4) and (8), the quantized signal vector
after the MRC receiver is processed as
ru = Gijyy- (11)
Then, the processed quantized signal vector r;; can be
rewritten as

ry = O[,“/Puég (GU + AGL[> Xy + OKMGZIIU

+ Ggqu + au\/ﬁ\/PDGgGu ((xdWXD + qD) .

(12)
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From (12), the received signal of nth user is given by

Fln = Oyy/ PugH,fgu WXUn

+ oy Py Z ,,gu;qu
i=1,i#n
N

+ ay/ Py Z gZ,nAgu,ixu,i

(13)

81 \GLigp,
+auadf\/ITDZ tn : XD,i

tr (GD GD)
+ au\/ﬁ\/ITDﬁ,nGUqD + augg,nnu

+ %,an’

where g, , is the nth column vector of Gy.
With the help (13), the uplink achievable rate expression
of the nth user with imperfect CSI is expressed as

T—1 |Agn)?
Ry, —7E log (1+ ,A )};
T { N w2 |gh[fod
(14)
where
ALI,n = Oy Pu@ﬁ,ngu,nxu,m (15)
\IJLI,n = |Bu,n|2+|CU,n|2+|Du,n|2+iEU,n|2+|FL[,n 2: (16)
with
By = ay/Py Z ngszUn
i=1,i#n
N
Cun = oy Py Z gZ,nAgu,ixU,i:
&l Gug 17)
Dy = auad«/_\/gz LIoD: —F————XD,i
/u(GHGD>
ELI,n = au«/ﬁ\/lTDgZ,nGquD¢

Fyu= QZ,nCIw

Theorem 1 For a massive MIMO system with a FD
mode BS and multi-users, the uplink asymptotic achiev-
able rate of the nth user based on MRC receivers for
imperfect CSI can be derived as
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T—1 o, P 1+ M)k
Ru,n% 10g2 <1+ u L[,BL[,n( ) U,n)’ (18)
TL[,;/t
N
where Yy, = Py Y. PBuikui + «anPpuiM* +
i=1,i#n

N
2 (1 = ay) PyBunkun +Pu ) AO%” + o}
i=1

Proof By using Lemma 1 in [17], we can approximate
(14) as

Run~ =T log, (14 E{iAu'nm ,
r E{Wu} +oE{[8f],["} o7
(19)
where
E { lAu |2} = a2Py Y, (M + M) k%, (20)

E{@un} = E{[Bunl} + Ef|Cunl*} + B {|Dunl’}

+ B [Eual*} +E{|Fual)],

(1)
with
) N
E{|Bu,n| } =aoPu Y BunPuiMkuuku, (22)
i=Lizn
) N
E{[Cunl} =odiPu Y 20dBunMcu, (23)
i=1
2
E { |Dunl ] = a2e2nPpuriBunkunM>, (24)
2
E{|Eun|*} = a2aa (1 = aq) nPoRLIBU M tis  (25)

E{|Fual’]
= 20, (1 — ) Pupyy Mk,
N
+ o (1= o) PuPunMicun Y Buiku,
i=1,i#n
N

+ oy (1 — o) PyBunMein Z AO%{,L‘
i=1
+oty, (1—at) (WP L1 Bu MK 10+ BunMk 11,n07),
(26)
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N
E{Wiun} = auPu Y BunBuiMuncu,
i=1,i#n
+ o, Pp L1 BunMKin
+ 20 (1 — o) Pyl ;Mcc}y , (27)
N
+ o, Py BunMii, Z AO%“
i=1
+oy (1 —oy) ,BLI,nMKU,nUL2[~
O

See Appendix A for the detailed certification process.

Then, applying Lemma 1 and substituting (20), (27) into
(19), (18) can be derived.

From (18), we analyze the effect of three factors on the
rate performance, including the number of antennas M,
the number of quantization bits, and the transmission
power of BS and each user. In order to analyze Theorem 1
more intuitively, we analyze the following three approxi-
mate results, respectively.

Proposition 1 With fixed Py, Pp, and M, when b — oo
(ay = ag = 1), then Ry; ,, reduces to

T-t PyBun A+M) kun

Ryypn— T logy | 14+

N
Py Y Buikui+PpnuLiM+ Py Y Aoj; + o}
i=1istn i=1

(28)

Equation (28) shows that the quantization error can be
wiped out when the number of quantization bits b tends
to infinity. However, the effect of LI caused by FD mode BS
cannot be eliminated. Given a fixed M, the uplink approxi-
mate achievable rate will converge to a constant. Therefore,
the system performance that can be improved by increasing
ADC resolution is limited, implying that it is reasonable to
adopt low-resolution ADCs/DACs in FD massive MIMO
systems.

Proposition 2 With fixed b and M, when Py = Pp —
00, Ryr,, converges to

R T—-1 loeo b+ auPrrn A+M) ki,
Un T g2 N N 5 g
> Buikuitegmip M + 20— au) By ki nt Y. Aog;;
i=1,i#n =1

(29)

which is consistent with Eq. (25) in (8] when the LI is elim-
inated completely and perfect CSI. Equation (29) shows
that the rate depends not only on the number of antennas
M but also on the number of quantization bits b when the
transmission power of BS and users tend to infinity. More-
over, it is found that the quantization error and the effect
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of LI caused by FD mode BS neither can be ignored by
increasing transmit power.

Proposition 3 Assuming that the transmission power of
BS and each user are scaled with M, i.e., Py; = Eyy /M and
Pp = Ep/M, where Ey; and Ep are fixed. When M — oo,
Ry, tends to

T — E
T log, {1+ MIJ'"KU”; . (30)
T agnEpurr + oy

From (30), when the number of quantization bits b —
00, o}, = 1, the LI is eliminated completely, and we can
obtain Ry, — log, (1 + ayEuBu,) under perfect CSI,
which is consistent with Eq. (26) in [8]. The approximate
uplink rate only relies on the number of quantization bits
when M tends to infinity.

RLI,n —

3.2 Analysis of downlink achievable rate
With the help of (1), (3), (5), and (8), we can obtain the
downlink received signal at the users
= /P (Gg + AG{{) Vb + vPuGH, xu +np
= VPpGY (0aWxp + qp) + VPpAGH (0 Wxp + qp)

+ +/ PLIGZI,[MXU + np.
(31)

From (31), the received signal of nth user is given by
gg,ngD,n
"Dy = ddy/ Pp——————=%Dn
tr (GG )

N ~H o
8D 18D,
+ ay/Pp Z __ oDndPr
=Li#n |tr (GgéD)

N H &

Agp ,8D,i
+ay /pDZ __—oDnsbt
=1 [tr (Ggép)

+ qugﬁ[,nXu + npy.

xp,i + PDég,an

XDy + PDAgE[,y,qD

(32)

With the help of (32), the downlink achievable rate of
the nth user is expressed as

2
T—1 |ADn|
Rp,=—7"Ejlo 1+ ————14¢, 33
D,n T : g2 ( \IJD,n + Gg’n ( )

where

/\H A
8p,18D,

Apy = agy/Pp—22" 5, (34)
r (GAGp)

Ypu = |BD,n’2+’CD,n‘2+}DD,n‘2+‘ED,n‘Z‘F‘FD,n}Z: (35)
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with

/\H ~
8p,n8D,i

N
Bpn=ouPp Y, ——=——uxp,
i=Lizn  [u(GliGp)

Cpn = ~/Ppg} 4D
N agh g
Dp, = agy/Pp Y. M@,w

i=1 /tr(égép)
Epn= vPDAgﬁ,,qD,
FD,,, = «/Pugﬁ[,n)(u.

Theorem 2 For a massive MIMO system with a FD
mode BS and multi-users, the downlink asymptotic achiev-
able rate of the nth user based on MRT processing for
imperfect CSI can be derived as

(36)

T— o’Ppp? (M +1) k3
Rom~ - T log, [ 1+ +PpBp,, C ) KDy _ ,
aﬁPDXI + PpXy + (OthDAO%)’n + Xg) tr (DD)
(37)
N
where X1 = Bpukpn ). Bpikpi X2 = ag(1—ag)
i=l,i#n

N N
BDKDn (ﬁD,nKD,n + 21 ﬁD,iKD,i>J X3 =Py Zl Oin+ 05
= =

Proof By using Lemma 1 in [17], we can approximate
(33) as

2
Run ~ L;T log, | 1+ m ., (38)
» N
where
E{|pal*} = a3Pp3, M + 1 kb, (tr (f)D))fl , (39)
E{Wp,} = E{[Bosl*} + E{|Coul*} + B {|Do,[*}
+E{[Epal’} +E{[Foal*],
(40)

with

) !
E {|BD,n| } = a3PpBpuPp,MKD KD, (tr (DD)) , (41)

IE{|CD,,,]2}

2 2 A -t
=2Ppay (1 — ay) IBD,nKD,n (tr (DD))
N

. W1

+ Ppatg (1 — o) Bowkpn Y, Bpiki (tr (DD>) )
i=Lin

(42)
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E{|Dun|*} = oPoadch,, (43)

E {|Eu,n|2} = 0, (1 — ag) PpAdj,, (44)
) N

IE“Fu,n| } =PUZO‘in' (45)
i=1

O

See Appendix B for the detailed certification process.

Substituting (39), (40) into (38), (37) can be derived.

Similarly, we analyze the effect of three factors on
the downlink rate performance, including the number of
antennas M, the number of quantization bits b and the
transmission power of BS and each user.

Proposition 4 With fixed Py, Pp, and M, when b — 0o
(ag = 1), Rp,, reduces to

PpBR,(1+Mxp, )
RD,,,, e .

— T
log, | 1+ —

T ( PpX1 + (PoAoj,, + Xs) tr (Do)
(46)

Equation(46) shows that the quantization error can be

wiped out when the number of quantization bits b tends

to infinity. Given a fixed M, the downlink approximate

achievable rate will converge to a constant. Therefore, the

system performance that can be improved by increasing
DAC resolution is limited.

Proposition 5 With fixed b and M, when Py = Pp — oo,
Rp,, converges to

T — 22 (1 + M3
T ! log, |1+ dPpin ) DI:
(xin +Xo + (adPDAo%)‘n +> G,‘n) tr (ﬁp)
i=1

(47)

Rpn—

From (47), we can see that the rate depends not only
on the number of antennas M but also on the number
of quantization bits b when the transmission power of
BS and users tend to infinity. Moreover, it is found that
the quantization error and the effect of IUI caused by FD
mode users neither can be ignored by increasing transmit
power.

Proposition 6 Assuming that the transmission power of
BS and each user are scaled with M, i.e., Pyy = Ey /M and
Pp = Ep/M, where Ey and Ep are fixed. When M — oo,
Ry, tends to
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2 2 2
adEDIBD,nKD,n

crgyntr (ﬁD) )

T—-1
Rp, — Tlog2 1+

It is found that the IUI caused by FD can be eliminated
by applying power scaling law properly and increasing the
number of antennas M. The approximate downlink rate
only relies on the number of quantization bits when M
tends to infinity.

4 Simulation results

In this section, we analyze the simulation results of uplink
and downlink sum achievable rates of the system model
proposed in this paper by building a simulation environ-
ment where users uniformly distributed in a cell with a
radius of 1000 m. Moreover, the sum rate of this system
are defined as Csym, = Cyy + Cp [18], where Cy; and Cp are
the uplink and downlink sum achievable rates of the sys-
tem, respectively. Assuming the minimum distance from
the user to the BS is rmin = 100 m, and r,, is the distance
from the nth user to the BS. a,, is denoted as a log-normal
random variable with standard deviation 0 = 8 dB. v =
3.8 is the path loss exponent. The large-scale channel fad-
ing can be modeled as 8, = a, (rn/Fmin) ", [19-21]. In
this simulation, we assume that the number of users is
N = 10, the variances of the noise are op = oy = 1, and
the residual LI power is p=8;; = 0dB, P;; = 10 dB and
Pp = NPy;. The length of channel coherence time is set to
T = 300 (symbols), and the length of pilot sequence is set
totr = 2N.

The FD sum achievable rate versus the different num-
bers of antennas at the BS is given in Fig. 2. Results are
simulated for the three different numbers of quantiza-
tion bits b with 1, 2, and oo. The gap between these
curves decreases as b increases which means the per-
formance that is improved by increasing the number of
quantization bits b is quite finite. This proves that it is
reasonable to adopt low-resolution ADCs in FD massive
MIMO systems.

Figure 3 presents the uplink sum rate of the proposed
MIMO system with or without power scaling versus dif-
ferent residual LI power nur; when M = 200. As shown
in Fig. 3, the uplink sum rate is constant when the residual
LI power nuyr is small. As the residual LI power grad-
ually increases, the uplink sum rate decreases and the
performance of the proposed system deteriorates.

Figures 4 and 5 depict the uplink and downlink sum
achievable rates versus different the number of quantiza-
tion bits b, respectively. In this simulation, we choose the
number of antennas M = 100. As shown in Figs. 4 and 5,
the uplink and downlink rates increase with the number
of quantization bits and converge to a constant which can
be obtained by (28) and (46) when the number of quanti-
zation bits b > 5. The figures demonstrate the rationality
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Fig. 2 FD sum rate for different b. Comparison of FD sum rate for the different numbers of quantization bits b versus the number of antennas at the BS

of adopting low-resolution ADCs/DACs in FD massive
MIMO systems.

5 Conclusions

A FD massive MIMO system where low-resolution
ADCs/DACs are equipped in the receive antennas and
transmit antennas at the FD mode BS is investigated in
this paper. With the help of MRC/MRT processing and
MMSE, the approximate uplink and downlink rates for
imperfect CSI have been derived in this paper. The theo-
retical results reveal that the loss of system performance
due to the quantization error of the low-resolution ADCs

and LI can be compensated by applying power scaling
law properly and increasing the number of antennas. This
point turns out to be reasonable to adopt low-resolution
ADCs/DACs in FD massive MIMO systems.

Appendix A Proof of Theorem 1

For calculating (19), where Ay, is the desired signal,
By, is the multi-user interference, Cy;, is the LI, Dy,
is the AGQN at the transmit antennas of the BS, E;,
is the AWGN, and Fy, is the AGQN at the receive
antennas of the BS, we compute them one by one as
follows.
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Fig. 3 Uplink sum achievable rate for power scaling and no power scaling. Comparison of uplink sum rate for the different numbers of quantization
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Fig. 4 Uplink sum achievable rate when b tends to be oco. Description of uplink sum rate for the different numbers of quantization bits b and b tends
to be oo which can be obtained by (28)

1. Compute E {‘Au,n 2}: 3. Compute E {|Cu,n

2}:

E {|Au,n|2} = aiPuE {|§Z,n§u,n|2}

N
(49) 2 9 ; 2
= a2PupY, (M>+ M) k2, E{[Cunl’} = atPu ;E ERIN
=
2. Compute E {|Bu,n|2}i 2 al A A
= o, Py ZE {801, A8u, A8l By}
i=1
N ) N
2 2 A N
= 1 2 & 2 &
E [|Bu'n| } OtuPu Z E {|gHU’”gU’L } = auPu ZE {gg,nou,igu,n}
i=1,i#n i=1
N N
— a?P Z BunBu.iM . 2 2
=,y unPu MKy ki = o, PyBunMkin, Zou,i
i=1,i#n i=1
(50) (51)
T lL4f ]
é 1.2 _ o o o o a
2 7 S A4 A4 \)
<
~ 1k ,
Q
£ 6),when b tend
'§ 0.8+ Eq(46),when b tends to oo |
=
2
=1
w
= 04F 1
E
2 021 .
Q | | | | | | | |
1 2 3 4 5 6 7 8 9 10
Number of Quantization Bits (b)
Fig. 5 Downlink sum achievable rate when b tends to be oo. Description of downlink sum rate for the different numbers of quantization bits b and b
tends to be oo which can be obtained by (46)
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4. Compute E {‘Du,n 2}:
N “éﬁ,nGLIgD,t zl
Lo e

GHép\\ !
= auaanD — Z E [ U nGLIQD,iég,in[Iéu,n} <tr< ij ))

i=1

—auadﬂPD* ZE[ nGLlﬁDtMKDzGLIgUn} ( (151)))71

= az%a?i’lPDﬂLIM Z Bp,ikD,iE [ggn gUn } (tr (ﬁD)) !
i=1

= a,%aggﬂPDMuﬁu,anku,n
(52)
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We can derive the first term in (55) as:
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The second term in (55) can be derived as
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The third term in (55) can be derived as
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Combine (56), (57), and (58), we have
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Appendix B Proof of Theorem 2

For calculating (38), where Ap, is the desired signal, Bp
is the multi-user interference, Cp, is the LI, Dp, is the
AGQN at the transmit antennas of the BS, Ep, is the
AWGN, and Fp, is the AGQN at the receive antennas of
the BS, we compute them one by one as follows.
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12. Compute E {!FD,,, ’2}:

(66)

N
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