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Achievable Rate of Rician Large-Scale MIMO
Channels with Transceiver Hardware Impairments

Jiayi Zhang, Linglong Dai, Xinlin Zhang, Emil Bjornson, @iZzhaocheng Wang

Abstract—Transceiver hardware impairments (e.g., phase
noise, in-phase/quadrature-phase (I/Q) imbalance, amgler non-
linearities, and quantization errors) have obvious degradtion
effects on the performance of wireless communications. Wia
prior works have improved our knowledge on the influence of
hardware impairments of single-user multiple-input multiple-
output (MIMO) systems over Rayleigh fading channels, an

of these impairments can be mitigated by calibration method
and compensation schemes at both sides, there still remains
residual hardware impairments due to estimation erroes;-in
curate calibration methods and different types of noise.
Recently, the large-scale (LS)-MIMO communication has
drawn a substantial interest from both academia and ingustr

analysis encompassing the Rician fading channel is not yetas a promising technology for 5G wireless systems, such

available. In this paper, we pursue a detailed analysis of gular
and large-scale (LS) MIMO systems over Rician fading chanrle
by deriving new, closed-form expressions for the achievablrate
to provide several important insights for practical systemdesign.
More specifically, for regular MIMO systems with hardware
impairments, there is always a finite achievable rate ceilig, which
is irrespective of the transmit power and fading conditions For
LS-MIMO systems, it is interesting to find that the achievabke
rate loss depends on the RicianK-factor, which reveals that
the favorable propagation in LS-MIMO systems can remove
the influence of hardware impairments. However, we show that
the non-ideal LS-MIMO system can still achieve high spectra
efficiency due to its huge degrees of freedom.

Index Terms—Achievable rate, hardware impairments, large-
scale MIMO, Rician fading channels.

|I. INTRODUCTION

as millimeter wave (mmWave) communications. LS-MIMO
systems are likely to operate in the mmWave band to ac-
commodate many antennas within a small physical area. In
LS-MIMO systems, each base station is equipped with a
large number of antennas to improve the spectral and energy
efficiency. Understanding the fundamental theoreticalitim
of the LS-MIMO system has been an active research area.
For practical implementation, it is very attractive to dspl
LS antenna elements with cheap, compact and power-efficient
radio and digital-processing hardware. Thus, it is of puoid
importance to theoretically investigate how much hardware
impairments can the LS-MIMO system tolerate to achieve a
certain achievable rate performance.

Motivated by these observations, some researchers have
analyzed the impact of transceiver hardware impairments on
MIMO system performance. Specifically, experimental ressul

By employing multiple antennas at the transceiver, wilegp model the statistical behavior of residual hardware im-
systems can significantly increase the spectral efficiemcy gpairments on reguBmMIMO systems have been provided in
transmission reliability. The capacity of single-user MMM pioneering works such as1[4].][5]. Utilizing this impairnten

systems has been well investigated in the literatlre [1]l, [4nodel, the authors of [6] and][7] analyzed the achievable rat
However, most prior works assume that ideal hardware d$ regular MIMO systems in detail. With the rapid devel-

available at both the transmitter and receiver, which issunropment of LS-MIMO systems, people shift their interests to
alistic in practice, while the performance of practical MIM hardware impairments of LS-MIMO systems. In this context,
systems is usually affected by transceiver hardware impajhe single type of impairments have been considered]in [8]-

ments, such as phase noise, I/Q imbalance, amplifier nq@y] in terms of power amplifier nonlinearities, mismatched

linearities, and quantization errofs [3]. Although the uefice
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joint decoding, and phase noise. Moreoveér, [3], [7].1[12]
examined in detail the achievable rate of LS-MIMO systems
by taking into account the effects of transceiver hardware
impairments.

The common characteristic of aforementioned works, how-
ever, is that they consider Rayleigh fading channels. Aitfto
the assumption of Rayleigh fading extensively simplifies th
performance analysis, its validity is often violated in gireal
wireless propagation scenarios with the line-of-sight )0
path, where the Rician fading model is more general and
accurate [[13]. To the best of our knowledge, a detailed
analysis of MIMO systems over Rician fading channels in
the presence of transceiver hardware impairments is ngissin

lIn contrast to the LS-MIMO system, we use the terminologyutag
MIMO for systems with small number of antennas at the trattemiand
receiver, e.g., smaller than 8 antennas.
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in the literature. Only recently, the high-SNR capacityitiof  variance, and¥ is the Rician factor denoting the power ratio
regular MIMO systems over Rician fading channels has bebatweenH and H.,. In this paper, we normalize the channel
established in[]6]. In this paper, we aim to fill in this gapnatrix H asE[tr(HH)] = N,.N;, wheretr(-) denotes the
by investigating the impact of hardware impairments on theace of a matrix.

achievable rate of regular and LS-MIMO systems over Rician |, practical MIMO systems, the received signals will be

fading channels. Specifically, the contributions of thip@a 4y oidably distorted by impairments of transceiver hadw
are summarized as: components, such as filters, oscillators, converters, iixad
« We derive a new analytical achievable rate expressi@mplifiers, in two different ways. First, the actually ermitt
for regular MIMO systems subject to Rician fading andjgnals are different from the desired signals at the trattesm
hardware impairments. Although the expression is givefiie to transmitter hardware impairmentsi[15]. Second, the
in infinite series, the truncation error has been obtainedigceived signals may suffer from distortion after the signa
demonstrate its fast convergence. Additionally, we presefyocessing due to receiver hardware impairments. Although
asymptotic achievable rate expressions in the high-SNfaveral signal compensation algorithms have been proposed
regime, which coincide with the results of [6]. Moreoverand utilized at each antenna, there still remains someuakid
based on our analysis, there is always a ceiling on th@nsceiver hardware impairments due to inaccurate model-
achievable rates of regular MIMO systems. ing, imperfect CSI, errors in the estimation of impairments
« For LS-MIMO systems, asymptotic expressions for thgarameters, and so forthl[fi7]Therefore, it is important to
achievable rate are presented for three typical types galyze the impact of transceiver hardware impairment&ien t

antenna arrays. Assuming perfect channel state informgerformance of MIMO systems to provide useful guidance for
tion (CSI) at the receiver and no CSI at the transmittefyactical systems design.

it is interesting to find that the achievable rate ceiling The aggregate transceiver hardware impairments can be

disappears by deploying a huge number of antennas . i . . X i
at the transceiver. Moreover, our results show that tﬁgprommated by independent additive distortion noisdsm
' smitter and receiver, which has been used and verified

achievable rate gap between hardware impairments i}ﬁ}’ experiments in many previous works [3]] [71. [12]. Based
i s LT )

fect hard i ith th I f the RIi ; .
periect hardware increases wi € value of the Ric on the system mode[](1), the actually received signal can be

K-factor.
. . . denoted as [12]
The remainder of the paper is organized as follows: In Sec- .

tion[] the single-user MIMO channel model used throughout y =H(x+mn:) +n- +n, ©))

the paper is briefly introduced. Section lll provides a dethi where the additive distortion noise termsandn,. are ergodic

achievable rate analysis of MIMO systems with transCelvgﬁ‘ochastic processes that describe the hardware impagmen

hardware impairments over Rician fading channels. A set 0 the transmitter and the receiver, respectively. This ehod

numerical results is given in SectignllV. Finally, Sectioh \Zs both analytically tractable, and matches experimerdgal r
concludes the paper.

sults accurately. The experimental results have uncovered
characteristics thay; and n, follow Gaussian distribution
with variance proportional to the average signal power [4],
We consider a single-user MIMO system with transmit [5]. Moreover,n; andn,. can be analytically approximated by
antennas andV, receive antennas, and assume that perfdbe central limit theorem ag; ~ CN (0, 62diag(q1, - -+ ,qn,))
CSl is available at the receiver, while no CSI can be obtainedd n, ~ CN(0,6%tr(Q)Iy,) [12], where q1,q2,- -+ ,qn,
at the transmitter. The system model can be written as  are the diagonal elements of the signal covariance matrix
Q. Note that the new system modé¢ll (3) is more general
than the canonical moddll(1), and captures dominant pedctic
wherey € CN+*1 denotes the received signal vectar,c Characteristics of transceiver hardware impairments. fioe
CN+x1 js the transmitted signal vector with zero mean aniprtionality parameter; andd, are related to the error vector
covariance matrixg [XXH = Q with E[] being the ex- magnitude (EVM) metric, which is widely used to quantify the
pectation operator an@)” being the Hermitian operation,mismatCh between the expected signal and the actual signal
andn € CMN*! denotes the vector of zero-mean complel RF transceivers [16]. In practical wireless systems,hsuc
circularly symmetric additive white Gaussian noise (AWGNYS long term evolution (LTE), the EVM requirements are in
Moreover,H € CN-*N: represents the Rician channel matrihe ranged; € [0.08,0.175] [16]. Note that larger values
modeling fast fading with a deterministic LoS path, whicimcaof d: and 4, indicate that the MIMO system experiences

II. SYSTEM AND CHANNEL MODEL

y = Hx + n, (1)

be modelled ad [14] higher levels of impairments caused by inaccurate tramecei
hardware components. Moreover, the case),0f= 6, = 0
H=, /Lﬁ + #Hw (2) corresponds to ideal transceiver hardware components.
K+1 K+17%

where H denotes the deterministic componeH,, denotes
the random fast fading component, which is composed of inde;

. . L .. . . 2Among these residual transceiver hardware impairmengsptiase noise
pendent and |dent|cally distributed (”-d-) C”CUIarmmemC is probably the most severe factor in single-carrier trassion, while it is

complex Gaussian random variables with zero-mean and Wit not clear in multi-carrier systems][3[.1[9].T10].



I1l. ACHIEVABLE RATE where 1 Fy () is the confluent hypergeometric functidn[18,

In this section, we present a detailed achievable rate sisalyEd- (9-21)].
of MIMO systems with transceiver hardware impairments over  pyoof: The marginal probability density function (PDF)
Rician fading channels. Recall that neither instantane@us of an unordered squared singular valueWfis given by [19]
statistical CSI is available at the transmitter but petfect i
known at the receiver, we use equal power allocation on each FON =
transmit antenna a® = NﬂtINt with the total transmit power = =
P. Moreover, the average SNR per receive antenna is defined .
as p = E[tr(Q)]/No, where N, denotes the noise variance, XoFi(p—a+ 1 (K+1)dad), (10)
which is normalized a®Vy = 1 in the following analysis. The whereF;(-) denotes the hypergeometric;unctions [18, Eq.

new system model{3) considering hardware impairments cg114)1 and can be expressed z.v) — y" 50
be written in the form of the canonical modEl (1) with noisgy‘ ) P s (2,9) mz:: (@), (0]

Gef)\(K+1) q q

gA SN Du(K + 1) NP1

variance We can rewrite[(5) as
po; HIH 2 ;i q p)‘/Nt
g + (péz + 1)1y, if Ny <N, R=—E|In|1
o S0 4L L, N ) 2 [“( T INN T 0T 1
LErHH + (p2 +1) 1y, if N, > N,. q
‘ ) =— (E[In(14+aN)]—E[n(1+dN)]). (11)
We further assume an ergodic channel where each codeword In2

spans over an infinite number of realizations of the fadihg By substituting[(ID) into[(11), the first expectation lof (&N
Then, the ergodic achievable raecan be expressed ds [1] be derived as

. : o0 “A(K+1) 4
E |logy det (In, + f-H"H® 1) , it Ny < N, E[ln(l—i—a/\)]:/ In(1+ax) &
0

33 Du

i o
E |log, det { Iy, + N%HHH‘Ifl) , if N;>N,. ¢ n=lm=1
G X oF1 (p— g+ 1; (K + 1) g A) (K + 1) AP~ dN
A. Exact Ahaly3|s _ . q ;; ! kZ:OF(,H H(p—q+1),
For notational convenience, we defipe= max(N¢, N,.), gtk

A . .
g = min(Ng, N,), and the instantaneous MIMO channel (K+1)/ap K+1 12
correlation matrixW as x Z € p—g+m+k—t+1 |\ — | (12)

t=1
W 2 H7H, if N, <N, (©) where we have used the following integral identfty|[19]
I‘IHH7 if Nt Z Nr. 00 szl T (2)65/06 z ﬂ
Note thatW is a complex non-central Wishart matr(x [17]. /o In (1+o2) eBz dr = RE ;Ez‘l“ (E)' (13)

Lemma 1. The exact achievable rate of MIMO systems witlthe second expectation f{11) can be derived in a similar way
residual hardware impairments over Rician fading channetfhen the proof is ended by substituting the corresponding

can be expressed as results (e.g.[(12)) intd_(11). [
a JI.J X T(p—qg+m+k) ok To show the fast convergence of the infinite series in
R= n(2) Z Z Dn,mz F((Ier f)( — +) 3" (7), we assume that only th&, — 1 first terms are used.
n=1m=1 k=0 p—a k Note that if v < y, the functione®E, (z) — eVE,(y) is
p—gqtm+tk K41/ K+1 monotonically decreasing im according to the derivative
x Z € *Ep—qmtk—t+1 (—> property of £, (x) [20, Eq. (5.1.26)]. Then the truncation error
t=1 Ry is upper bounded aE(14) at the bottom of next page, where
K+1 : ) = S () (a2), R ;
_ €(K+l)/bEp7q+m+k7t+l ( . ) )7 @) oFy (a1, a9; 81, P23 2) = ; (51)’;([5;): %7 is the generalized
hypergeometric function[ [18, Eq. (9.14.1)]. Moreover, the
a a p(1462) A ps? required terms of seri€k, has been investigated in Table | for
where (z). = I'(z +2)/T'(2), a = Ni(1+p07)’ b= N:(1+p07)"  different parameters. To achieve a satisfactory accueagy,

B, (z) = [[“t 7e "'dt is the exponentiz;l integral function 1,-6  more terms are needed for larger valueskaf N; and
[18, Eq. (8.211.1)],¢ = [¢1, 92, ,¢¢]" is the squared n  On the contraryl, decreases with the larger values of

singular values o/ K'H, and SNR p. Finally, for all cases considered in Talfle I, only less
N 9 =i than15 terms need to be calculated.
ol I G- ®
1<i<j<q ! ’ B. High-SNR Analysis
Moreover, D,, ., denotes then, m)th cofactor of the(q x q) Although [1) is the exact achievable rate, it providesdittl
matrix ©, whose elements are given by insight on how hardware impairments affect the achievedike r

of MIMO systems over Rician fading channels. For high-SNR
Qum =T (p—g+m)1Fi(p=g+mp—q+16n), (9 values, we can takp — oo in (G), and follow a similar line



TABLE |
REQUIRED TERMS OF SERIES}) TO ACHIEVE A SATISFACTORY
ACCURACY (< 1079)

14 Nt NT (St (ST K TO

0 2 2 015 015 1 11
0 2 2 015 015 5 15
10 2 2 015 015 1 10
0 4 4 015 015 1 12
0 2 2 01 01 1 12

the infinite series, the truncation errB@ is upper bounded as
I‘(p—q—i—m—i—T(;—i—l) dn0

I(To+1) (p—gq+ 1)y
x o Fy (p—q—i—m—i—T(;—i-l, L, Ty+1,p—q+Tp+1; ¢>n)

y (6<K+1>/a’ B (@) K (Kb_+>) . (16)
a
C. Asymptotic LS-MIMO Analysis

In the following, we consider the achievable rate of three
asymptotic antenna deployment in LS-MIMO systems. Note

Rog

of reasoning as in Lemnid 1. Then, the asymptotic achieva#ii@t our analysis holds for any LoS model that satisfy thetlim

rate approaches the finite limit

G q q oo
=33 Dy

n=1m=1

D'(p—qg+m+k)ek
F(k+1)(p—q+1),

p—qt+m+k

S K+1
X Z <6(KH)/ Ep—qmtk—tt1 < 7 )
t=1
' K+1
— D/ Epgtmtk—t+1 <T> >, (15)
’ 2 ’ .
wherea £ % andb £ % respectively.
The term (e(S)/a py (Ef) _o(c)/b gy (K1) i

(I5) becomes zero wheh is large [18]. Therefore, the
achievable rate of MIMO systems over Rician fading chann
with residual hardware impairments approaches a finiténggil

in the high-SNR regime, which is also found in the case

of JHHY == 1. If a uniform linear array (ULA) is adopted
at the transmitter, thém, n)th entry H,,,,, is given by

H,,, = e—j(m—l)(27rd/>\) sin 9,1,7 (17)

whered is the transmit antenna spacingjs the wavelength,
and@,, is the arrival angle of theth receive antenna. More-
over, we setl = \/2, which means that there is no correlation
between receive antennas.

First, the number of transmit antenndg tends to in-
finity while the number of receiver antennds,. is fixed.
According to the law of large numbers, the correlation mxatri
N%HHH — Iy, % 0 [14, Lemma 2] asN; — oo, where
a.s. denotes almost sure convergence. To take the limit inside
the expectation in{5) by the dominated convergence theorem

e[%l]' the achievable rate reduces to

p

Ry oo = Nodog, (14 ——P
Ne— Og?( ATy

). as

of Rayleigh fading channels irl][7] and the case of aNYhich indicates that the achievable rate of LS-MIMO systems

fading channels with only transmitter impairmentslin [6hiF

with infinite N, depends on the transceiver distortions, trans-

effect can be explained as that the transceiver distortitin Whit SNR and the number of receiver antendgs Moreover

increase with the transmit power. Accordingly, the equival

SNR, ¢-HH” &', in (@) will not increase. However, the

achievable rat&® will increase to infinity with SNR if adopting

the ideal hardware. Moreovef,_{15) reveals that the resid

as we increaséV,., the achievable rate grows linearly. How-

ever, if N, is fixed but SNR is increased, the achievable rate

asymptotically approaches the limit as we discuss in Sectio
This fact suggests that the achievable rate will saitel

hardware impairments dominate on the achievable rate per 9 the high-SNR regime for Rician fading channels.

mance of MIMO systems in the high-SNR regime.
Moreover, assuming that the fir§f, — 1 terms are used in

Then, we consider the second case, where the receiver
employs large number of receiver anten®gsbut the number

o T —g+m+k Zp—q-ﬁ-m-ﬁ-k .
= k:ZTO r ((]];4’ f) (r—q -l-)zk ; (e(KH)/ Ep—qtmtk—t+1 (
_ i Pép—Q-l-m—i—k—i-lWﬁ (e(K“)/“El (K+1
S T+ @—q+1) -
s=k-Ty L (p—g+m+To+1) $f°

) g, (

(p—q+m+To+1) (1), ;,

K+1

) - e(K+1)/bEp—q+m+k—t+1 (

=)

£21)

NE

T (T0+1) T (p—q+To+1)

T'(p—gq+m+To+1) ¢l
C(To+1)(p—q+1)g

" (6<K+1>/aE1 (@) KO (
a

i
=]

S

££2)

(To+1),(p—q+To+1), s!

K+1
- (£52)

K+1
<€(K+1)/aE1 ( +
a

2Fo(p—q+m+To+1,1;To+1,p—q+To+ 1;¢n)

(14)



of transmit antennad’; is fixed. Recall that the ULA model is
v P TTH -1
assumed and multiplying the term o1y, + +H"H® ) Nomdeal (Analytcal)

in (8 by 1/N,, the achievable rat¢](5) can be written as Sl |- ° _Ezg]igzzggymmaﬂonﬁ

7
20 e -

~
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2

2

2

Fi15f o7
@ s

2

Q

©

>

2

<

Q

<

P HHH ///
R:E{logzdet <INt + NNy )} o

52 2
J\ZJ%THHH"’ (pt?&:rl)INt
(19)
As N, — oo, we utilize the dominated convergence theorel

and the fact that the noise term and receiver distortion tel
go to zero. Then[(19) can approach to

Ceiling

1
RNT%OO = NtlogQ (1 + 5—2) . (20) 5
t

It is clear that the achievable rate grows linearly witl
the number of transmit antenna&. Moreover, the receiver -5 0 5 10 15 20 25 30 35 40
distortion (denoted by?) and the SNR have no impact on the SNR [dB]
achievable rate performance. This shows the key difference . . o
f he fi £l &V, but fixed N h both Fig. 1. Achievable rate of regular MIMO systems with hardsvempairments
rom t e 'rSt_ cas_e of largeV, but fixe r, Where Qt against SNR and Riciak -factor, wherej; = 6, = 0.15 andN; = N, = 2.
transceiver distortions (denoted Wy and 62) characterize
the system achievable rate performance. Such result sisgges
that employing low-cost hardware at the receiver is suitdtbl ) )
hardware impairments are unavoidable. between the right hand side ¢f {22) goes almost sure to zero.

Finally, the third case of largeV; and N,, and general It is C'fatf frﬁ)mb@) that_thethapproxgnan(])cnt error _(tjecreases
Rician fading model are considered, where the achievabde r%syrq_[; 0 |cat y y}mcrgaﬁs‘lng ebnurrg)te_r od r;;msmll a thn
R can be reexpressed as +. The entriesy; and; can be obtained by solving the

following equations as

R =E|log, det <MHHH + (pd2 +1) INT> 1 1 VR, -
N P=a 1+mtr{<lh\“ +EH H) }] ,
— log,, det (%‘S?HHH + (pog +1) IN,‘) B 1 1 G\ -

=E llog2 det (aHH" +1y,) 4+ N,log, (pd? + 1) _ ) _ o ) (23)

Note that equations if_(23) are fixed point iterations. The
unknown variables) and) can be easily obtained by solving
the formulas in [[283). Substituting: and ) into (22) and
using the similar method to calculafé1/b, 1y, ), the desired
=E [log, det (aHH"” + Iy, ) — log, det ((HH" +1y,)] achievable rate if{21) can be derived.

= J(l/aa INT) - J(l/ba INT)a (21)

where J(1/a,1 £ FE[logydet (aHH +1 and _ _ _ o
(1/a,Lv.) [Og2 p (a + NT)] In this section, we illustrate the key analytical insights

J(1/b,1y,) £ E [log,det (\ HH + 1y, )], respectively. : . ; i .
From [Z1, Theorem 6.14], we have a large-system approxmﬁaresented in Sectidn ]Il by various Monte-Carlo simulasion

tion of the achievable raté(1/a, Iy, ) for a large number of or the ideal and non-ideal system, the achievable ratdtsesu

antennas at both transmitter and receiver sidés ¥, — o) hg\:‘e f&egaﬁstiglsedegy erlne?:nsr’thoefrrw:rgtet-r?e a:_lg;g;(ljagt;q:s
and uniform transmit power allocation as [21, Eq. (13.10)] using IS, pectively. Furthe ' !
(I7) has been used in our simulations.

4 amsaT In Fig.[, the simulated achievable rate, the analyticalltes

J(1/a,Iy,) = |logy det (a® ™" + HEH') (7) and the high-SNR approximatioh {15) of regular MIMO

systems with hardware impairments are plotted against the
0, (22) SNR and RicianK-factor, whereé, = 46, = 0.15 and
’ N, = N, = 2 are considered. Figure 1 validates the accuracy
) _ _ of our derived analytical expressions [d (7) ahd](15). Fer th
where ¥ denotes the diagonal matrix with thih entry case of hardware impairments, it is clear that there is aefinit
i, and ¥ is the diagonal matrix with theith entry ), rate ceiling, which cannot be crossed by increasing the SNR
respectively. Moreover, v_ve_dleflmg andv; as theith diagonal \aiue. Furthermore, we observe that an increase in SNR tends
entry of (¢! + LHTWH)  and thejth diagonal entry of tg increase the achievable rate of both ideal and non-ideal
(w1 + %I_{\PFIT)_I, respectively. AsN; — oo, the error system, albeit the relative difference between the curegs g

— log, det (B HH" + 1y, ) — N,log, (pd? + 1)

IV. NUMERICAL RESULTS

_ log;, (e) V0 | as.

log, det (a® !
+ log, de (a ) aN, — K41
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Fig. 2. Achievable rate of LS-MIMO systems with hardware amments
against the number of transmit and receive antennas andrRIcifactor,
whereé; = 6, = 0.15, p = 10dB, and Ny = N;-.
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Number of Transmit/Receive Antennas (leNr)

Fig. 3. Achievable rate loss of LS-MIMO systems with hardevempairments
against the number of transmit anteniés and RicianK -factor, whered; =
ér = 0.15, p = 10dB, and Ny = N,

steadily larger. In addition, a highegk value yields lower

achievable rate, although the gap between the corresppndin
curves decreases &S increases, which implies that its effect [€]

becomes less pronounced.

To further investigate the effect of the Ricidti-factor on
the achievable rate of LS-MIMO systems, we introduce a
new metric aSR1035 = (Rideal - Rnonfideal)/Rideali which
denotes the achievable rate loss between ideal and noh-idea
system with hardware impairments. Moreover, we assume that
the number of transmit and receive antennas grows together.
It is important to observe from Fid.] 3 that the achievable
rate lossR1,ss iNncreases with the value of the Riciakd-
factor. However, with a relatively large number of antennas
at both transmitter and receiver sides, the achievable rate
loss approaches a finite value. For example, the relative
achievable rate los&;.ss for K = 0 is around 15%, while
Ri.ss — 30.5% for the case ofX = 100. Therefore, it is more
important to utilize ideal hardware at LS-MIMO systems when
operating over strong LoS environment.

V. CONCLUSIONS

In this paper, we present a detail achievable rate analysis
of regular and LS-MIMO systems under transceiver hardware
impairments and Rician fading conditions. New analytical
achievable rate results are derived for finite and infiniteber
of transceiver antennas. We obtain an asymptotic high-SNR
achievable rate expression to reveal a finite ceiling in lagu
MIMO systems. Moreover, the impact of the Rician-factor
and hardware impairments on the achievable rate perforenanc
are investigated. Our findings reveal that the achievalike ra
ceiling vanishes by increasing both the number of transndt a
receive antennas in LS-MIMO systems. Finally, we conclude
that the achievable rate loss due to hardware impairments
increases with the value of the Ricidt-factor.
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