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Abstract—In this paper, we propose an uplink/downlink dual-  and detection matrices appropriately and under the sarak tot
ity framework for multi-cell multi-user multiple-input mu ltiple- power constraint, the same MSE region in the downlink can
output (MU-MIMO) systems with residual hardware impair- be achieved as in the dual uplink. In [6], the authors show
ments (HWIs) at the base s'gatlon anq the user terminals. BY that in a multi-cell MU-MIMO system, the Lagrangian dual
employing the proposed uplink/downlink  duality framework, = b oplem of the weighted transmit power minimization proble
complex_ downlink optimization problems can be transformed .y )NR constraints can be rewritten as an equivalent dual

to equivalent dual uplink problems which are easier to solve link bl hich b ved v than th
Thereby, for the same total transmit power, the same per-use uplink probiem, which can be solved more easlly than the

signal-fo-interference-plus-noise ratios (SINRs) are adeved in  ©riginal downlink problem.

downlink and uplink. We apply the proposed uplink/downlink . . .
duality, and derive a multi-cell HWI aware minimum mean The system model considered in [3]-[6] assumes ideal

square error (MCHWA-MMSE) precoder. Our simulation result s~ hardware (H/W) components and the only impairment is the
show that the proposed MCHWA-MMSE precoder achieves a additive white Gaussian noise (AWGN). However, in pragtice
substantially higher sum rate than conventional MMSE and the AWGN-based system model may be overly optimistic,

conjugate beamforming precoders. since it does not take HWIs into account, which exist in
all physical implementations. Recently, a significant antou
. INTRODUCTION of research has been dedicated to the study of the impact

of residual HWIs (i.e., HWIs which remain after applying
'‘appropriate compensation measures) on the performance of
U-MIMO systems. In particular, it has been shown that
esidual HWIs can be modeled by an additive Gaussian im-
pairment, whose variance depends on the useful signal power
[71-[20]. This model has also been experimentally validate
c.f. [8], [11]. One of the earliest works, which adopts thésn
An emerging research field in wireless communications aréystem model to investigate the performance of massive MIMO
so-called massive MIMO systems [1]. Massive MIMO systemssystems with residual HWIs is [12]. Here, the authors previd
employ a large number of antennas, e.g., one hundred or mog&pacity bounds for the downlink and uplink of massive
at the base station (BS), and achieve very high spectral ardIMO systems with residual HWIs. Another related work is
energy efficiencies [2]. Moreover, in massive MIMO systems [13], where the authors derive analytical expressions ffier t
the transmit power of the BS and the user terminals (UTs) ca@symptotic achievable sum rate of matched filter (MF) and
be decreased by increasing the number of antennas at the Bgnventional minimum mean square error (MMSE) detectors
[2]. These and other desirable features render massive MIM@ uplink massive MIMO systems with residual HWIs, and
a promising technology for future wireless communication@lso present an HWI aware MMSE detector. Moreover, in
systems. our recent work [14], we have proposed an UL/DL duality
. ) , ) _framework for single-cell MU-MIMO systems with residual
In th|_s paper, we consider the downlink Qfamgsswe muItl—HW|S, and derived a HWI aware precoder. In [14], using
cell multi-user MIMO (MU-MIMO) system with residual hard- results from random matrix theory, we have also provided
ware impairments (HWIs) at the BSs and at the UTs. A simplegnaiytical expressions for the asymptotic downlink power

form of the considered system, i.e., the downlink singlié-ce zjiocation in the large system limit which only depend on the
MU-MIMO system with ideal hardware embodies a vectorhannel statistics.

Gaussian broadcast channel (GBC) whose capacity region can

be achieved by dirty paper coding (DPC). The capacity region In this paper, we derive an UL/DL duality framework for
of the vector GBC was derived by exploiting the conceptmulti-cell MU-MIMO systems with residual HWIs at the BSs
of uplink/downlink (UL/DL) duality which was introduced and the UTs. We extend our proposed SINR UL/DL duality
in [3]. More generally, the UL/DL duality can be exploited to MSE UL/DL duality. Using the derived UL/DL duality,
to transform difficult downlink optimization problems into difficult downlink optimization problems can be transfomine
simpler dual uplink problems [4]. After solving the simpler into simpler uplink problems. As an example, we use the
uplink problem, the precoder and power allocation for theproposed MSE UL/DL duality theorem to derive a multi-
downlink can be calculated from the uplink detection matic cell HWI aware MMSE (MCHA-MMSE) precoder and the
and power allocation such that the same per-user signal-t@orresponding power allocation in the downlink based on the
interference-plus-noise ratios (SINRs) are achieved iinkp respective uplink counterparts such that the total sum-NMSE
and downlink. The SINR UL/DL duality framework in [3], [4] minimized, while achieving the same per-user SINR and per-
has been extended to mean square error (MSE) UL/DL dualityser MSE in downlink and in uplink for the same total transmit
in [5], where the authors show that by employing the preagpdin power. Our simulation results show that the proposed MCHA-

ITH the increasing demand for higher data rates

multiple-input multiple-output (MIMO) systems have
attracted much attention over the last decade. Today, MIM
technology is a key element of many modern wireless commu
nication standards including Long Term Evolution (LTE) and
worldwide interoperability for microwave access (WiMAX).



MMSE precoder achieves substantially higher sum rates thaim the jth cell and thelth BS, andA models the BS antenna
the conventional MMSE and conjugate beamforming (BF)correlation. Hereg,;;; is assumed to be equal to one for= |

precoders, which do not take multi-cell interference andIsiW
into account.

The remainder of this paper is organized as follows. In
the system model is presented and benchmal
schemes are introduced. We develop the proposed UL/D

Section I,

duality framework for multi-cell MU-MIMO systems with
residual HWIs in Section Ill. In Section IV, the MCHA-MMSE

precoder is derived, and in Section V, numerical results are

provided. Finally, conclusions are drawn in Section VI.

Notation: Boldface lower and upper case letters represent

column vectors and matrices, respectively. denotes the
K x K identity matrix and[A], ., [A] ;, and [A], , stand
for the kth row, thelth column, and the element in theh
row and theth column of matrixA, respectively(-)* denotes
the complex conjugate anat(-), (-)T, and (-)" represent the
trace, transpose, and Hermitian transpose of a matrixecesp
tively. E{-} stands for the expectation operator @&l (u, ®)
denotes the circular symmetric complex Gaussian distabut
with mean vecton and covariance matrise. Moreover,AoB
represents the element-wise product of matridgesand B,
diag (a1, ...,ax) denotes a diagonal matrix withy, ..., ax
on its main diagonal, and “a.s.” stands for “almost surely”.

Il. SYSTEM MODEL AND BENCHMARK SCHEMES

In this section, the considered multi-cell MU-MIMO sys-

(direct gain), andy for j # [ (cross gain). In this paper, we

assume that the BS employs a uniform linear array (ULA), and

adopt the ULA channel correlation model used in [15], [16].
Accordingly, we haveA = [B Oyxn -] With On . (nv—nr)

ré’ndM being anN x (N — M) all-zero matrix and the number

f dimensions of the antenna’s physical model, respegtivel
Correspondingly, we adof8 = [b(¢1),...,b(¢arr)], where
the steering vectob (¢,,) is defined as [15] [16]

b ()= [ 1>sm<¢m} me (L.,

NaTi MY,

)

where¢,, = —m /24 (m — 1) w/M is themth angle of arrival
(AoA), and )\ is the antenna spacing in wavelength, respec-
tively. Moreover, in (1),P; = diag (pi1,-..,pix) represents
the downlink power allocation matrix, whefeg, is the power
allocated to thé:th UT in thelth cell. Here, we consider a sum
transmit power constraint at each BS, i&e.(P;) < Kpp,

vl € {1,...,L}, where we defineop;, to be the SNR in
the downlink. In addition=; = diag ({;1,...,&jx), wWhere
&k 1s used to optimize the MSE of théth UT in the
jth cell in the downlink, wich we denote bYISE}". As
mentioned in Section |, in this paper, we adopt the HWI
model from [12], where the residual HWI at each antenna
branch is modeled as a mutually uncorrelated Gaussian mando
variable, whose variance is proportional to the averageasig
power at that antenna. Thus, in (1), the stacked vector of

tem model with residual HWIs is introduced and two bench-HWIs in the transmit chain of théth BS is modelled by

mark schemes are presented.

A. System Model

A downlink multi-cell MU-MIMO system with universal
frequency reuse is considered. In our system model, there ar
cells and in each cell, one BS wifki antennas simultaneously
servesK single-antenna UTs. Herey is assumed to be very

large and the ratio of the number of UTs to the number,

of BS antennas is denoted i = K/N. The independent
and identically distributed (i.i.d.) zero-mean complexuSsian

data symbols intended for the transmission to the UTs i

the jth cell are stacked into vectat;

= [djt,- - dix]T,
E{d;a}

= Ik, whered;, is the data symbol of théth

e ~ CN (0,k3pIn0 (VP V}]')), where kpr is a pa-
rameter, which reflects the amount of residual HWI at the
transmitter chain of the BSs. Similarly, the residual HWI at
each UT can be modeled by an independent Gaussian random
variable, whose variance is proportional to the averageived
power [12]. Hence, in (1), the stacked vector of residual HWI

at all UTs in thejth cell is modeled bys; = [1;1, . .. ,qu]T,

where i, ~ CN (0 S 12 _ | KORPL |81k Vid] ) is the
residual HWI in the receiver cham of thegh UT in the jth

rfe" WherenUR represents the amount of residual HWI at

he receiver chain of the UTs. Furthermozg,~ CN (0,1x)
represents the stacked vector of the additive white Gaussia
noise (AWGN) at the UTs in thgth cell. Here, we assume

UT in the jth cell. The vector of the stacked received datawithout loss of generality that the residual HWI parameter a

symbols of the UTs in thgth cell is given by

ADL

ZP_UQ— Gl] (VIP dl+61)+P =} i (kj+2)
()

where Gy; 811 ---gx] € CV*F and V,
[Vii...vix] € CNX Wlth 8ijk and v;;, being the channel
vector between théth UT in the jth cell and thelth BS

and the unit-norm precoding vector for tiéh UT at thelth

the receiver and transmitter chains of all UTs and BSs are
identical, respectively. According to (1), the receivednsypl
at thek:th UT in the jth cell is giyen by

=Gl vikdin + > i

=1 g=1
(L) #(5:k)

L
fjk H
+ == Eg»Eeru'kﬂLZ'k :
Vo T

glgkvlqdlq

®)

BS, respectively. In this work, we assume a block flat fading
channel. We further assume a correlated channel model, i.e.

ik = lekhljkv Wherehljk ~ CN(O,IN), and lek =

- ~H .
E{g,, kgl{’“} = Ry;R,;;, represents the channel covariance

matrlx of thekth UT in the jth cell. Furthermore, we adopt
the channel correlation model used in [15], [16], iRy, =
aijkA, whereoy;, models the path loss between thiln UT



Hence, the signal-to-interference-plus-noise ratio (Sldt the  the transmit power of théth UT in the [th cell. More-
kth UT in the jth cell in the downlink is defined as over, &, ~ CN(0,7, kirIn o (G;P; GY)) and g, =

2 Jl
pjk|g?jkvjk} - fur), wherejuy, ~ CN (0, k3 rpu), represent the

DL & [fi1s - -
SINRj;," = I K » ) dual UL equivalents of residual HWIs at the BSs and UTs,
Z Z pzq|g?jszq|2 + Ugw + O—ﬁ"k +1 respectively. If the stacked power allocation vector oflills
J J . . . . T 1T
=1 g=1 in all cells in the downlink, i.e.p = [p{...p]] , where
(L) # (k) p,; = [pj1,-...pix) .j € {l,...,L}, is chosen as
whereo? ando? are given b ~1
Tesn (z“j’“ 9 y p= (IKL — diag (a) - AT) a, (20)
U?jk :ZH%Tg?jk (IN °© (VlPleH)) 8ljks (5)
1=1 identical SINRs in downlink and in uplink can be achieved,
, X ’ ) ie., SINI};,CL = SINRJ,", Vj, k, for the same sum powers, i.e.,
Tz :;;“URqu‘guk"lq’ : ©) S S b = 2 K k. Here, the elements of
- vectora = [aq, . . .,aKL]T in (10) are defined as
B. Benchmark Schemes SINRYE
= o Vi Wk, (12)

al, . =2
BF and conventional MMSE precoders are the most com- Blg-nices (1+SINRYE) [vH g
monly used linear precoders for downlink massive MIMO
systems [1], [16], [L7]. Thus, in this paper, we consider BFWhereSINR," is the SINR of thekth UT in the jth cell in
and MMSE precoders as benchmark schemes, and compdfee uplink, and is given by

: . - ” )
their performance with that of the proposed MCHA-MMSE pjk‘V?kgjjk’

precoder. The BF and MMSE precoders at fib BS are  SINRY" 2 — . (12)
given by, respectively, - LH 2 9 L9
plq}vkg-l | +oc, T 0y, +1
V?F — C]BFij, (7) ; ; JkSjlq k Hjk
(,a)#(5:k)

1 -1
V;\_/IMSE — C]MMSE (ijG?j + —IN) ij, (8)

pDL wheres? ands? =~ are defined as

where (P¥ and (}™SF are normalization factors, , Ny L ) -
which ensure that the total transmit power constraints G2, =V | > sbr (INO(GijlGjl)) vik, (13)
=1

H H
tr (VEF(VPF)) = K andr (VISP (VISP Lo

K are met. As can be observed from (7) and (8), the BF and &, = > K miig |Vl (14)
MMSE precoders take neither the multi-cell interference no 1=1 ¢=1

the residual HWIs into account which leads to performanc

degradation (T\/Ioreover, the elements of matrix € REKL*KL gre given by

IIl. UL/DL D UALITY IN MULTI-CELL MU-MIMO

A _H 2 H
SYSTEMS WITH RESIDUAL HWI's Al G- rma-nmeeq = Vi ( (1+ 5m) 814804

In this section, we propose an UL/DL duality framework + k3 In o (g, g" >v-k,Vj,l,Vk,q. (15)
for multi-cell MU-MIMO systems with residual HWIs. First, o ( sa jlq) ’
in Theorem 1, an SINR UL/DL duality framework is presented.

Then, in Corollary 2, we extend the SINR duality presented Proof: Please refer to Appendix A. [
in Theorem 1 to MSE duality.
Theorem 1: For the downlink multi-cell MU-MIMO sys- Corollary 1: For a single-cell MU-MIMO system with

tem defined in Section II, an equivalent dual uplink systemideal H/W, i.e., withL = 1 and :U’E%JR = 0, Theorem
exists, whose channel and detection matrices are given by reduces to a special case, whBi&R,;™ and matrixA are
G;i,Vj,l €{1,...,L} andU; = B, VY, respectively, where ~given by

matricesV, V;j, have unit norm columns and diagonal matrix pk|VHgk|2
E; contains the norms of the rows of matii;. In particular, SINR}™ £—— . ; (16)
the stacked vector of the detected symbols in ftrecell in Z y |VH ‘2 1
the dual uplink system is given by - #pq k8q
q=1,97Fr
L
AUL £ —1/2 - 1/2 . Al H |2
d; =P "2 VS (G (P + ) (Al Zvig,|" (17)
1=1
+ p;l/QEjVJH (& +12)), (9)  where we have omitted the cell indices for the sake of natatio

5 simplicity. Note that, as expected, the UL/DL duality thexor
where P, = diag (pi1,...,0ix) represents the UTs’ trans- for single-cell MU-MIMO systems with ideal H/W presented
mit powers in thelth cell in the uplink with p;, being in Corollary 1 is identical to the UL/DL theorem in [3].



As can be observed from (12), the SINR expression of the D > 0,Y5, k, (22)
kth UT in thejth cell in the dual uplink system model depends - e UL
only on the detection vector of tHgh UT in the jth cell. This WhereU; = E; V7, and MSEj," is given by (19). As can
makes the design of the detection vectors in the uplink much€ seen from (215:. the dual uplink optimization problem has
simpler than the design of the precoding vectors in the maigi  Only a total transmit power constraint, and is thereforaezas
downlink problem, where the received signals at the UTs aré Solve compared to the original downlink problem in (20).
coupled with respect to the precoding vectors. Now, we ektenNote that in (21), the normalization mati&,; is absorbed into
the results in Theorem 1 to MSE UL/DL duality, and provide matrix U;. Moreover, the constraint!}, v;;, = 1 is implicitly
the result in the following corollary. met in (21), sinceV,; = fJ?Ej_l, where E; by definition

Corollary 2: The DL and the dual UL multi-cell MU- contains the norms of the rows d’)}j on its main diagonal.
MIMO systems with residual HWIs as defined in TheoremHere, in order to focus on the precoder design, we assume a
1 have identical per-user MSEs, i.8ISE}" = MSE},",Vj €  uniform power allocation in the uplink, i.e5;x = ppL, Vj. k.
{1,...,L},ke{1,...,K}, WhereMSEjkL and MSE}JkL are Moreover, since the detector m_atrix at thith BS has only
given by impact on the MSEs of the_ UTs in tmh c_eII, the su_m—MSEs

DL DL ) 5 9 H in different cells can be minimized individually. This leatb

MSEj;, :E{”djk | }: i |85k vir] 26 R {&}v ik} the following unconstrained optimization problem

K
fzk L K ) min ZNISE}J]CL,Vj- (22)
* pj_k 1+U€2jk +Ul2tjk +Z Z biq ‘grjkvlq‘ +1’ (18) b k=1
Ik _ —
(ll;)li‘i;}c) In the following theorem, we present the optimal detection

. 9 vectors for uniform power allocation in the dual uplink gyst
MSE}JkL:E{Hd?kL - djk||2}: JQ‘k |V;|kgjjk‘ =2, R {V?kgjjk} . o .

Theorem 2: The solution to the optimization problem in
(21) for a fixed power allocation is given by

5J2’k 2 2 St H 2 L
1462 +an YD pig| Vil | (19 _wmena 1y [(1+k3g H
Pik B U =G D GG, (23)
(L) #(5,k) m=1
2 L 1 -1
. K
Proof: Please refer to Appendix B. ] BTy G.,,GH I )
PP +NNOZ_1J ) + oI
IV. MuLTI-CELL HWI AWARE PRECODING "
In this section, a MCHA-MMSE precoder is derived by Proof: Please refer to Appendix C. [ ]

exploiting the proposed MSE UL/DL duality framework for
multi-cell MU-MIMO systems with residual HWIs presented
in Corollary 2. The optimization problem for minimizatior o

Applying the UL/DL duality in Theorem 1, the MCHA-MMSE
precoding vector of théith UT at the jth BS is given by

. . ~MCHA\H /) ~MCHA || /. ~MCHA ;
the sum-MSE in the downlink is formulated as follows: viEHA = (@) Q\Cué\é 41,4, k, whereu; “* is the
' L K L kth row of matrix U, which is given in (23). Next,
p Win_ ZZMSEjk ; the uplink SINRs can be calculated by (12) after substitutin
R v, = vIiCHA “and subsequently the downlink power alloca-
L K tion is determined by (10).
subject to'_z“;pf" < KlLpor, Remark 1: Comparing (23) and (8), and considering
J=1k= ~ —1
s ok vy = (G (@) yperezyiens s

J
(20) diagonal matrix, which contains the norms of the rows of

; ; . ~?40HA on its main diagonal, it can be seen that the ex-
Next, in Section IV-A, we apply the UL/DL duality framework pression for the MCHA-MMSE precoder contains two addi-
from Corollary 2 to the downlink optimization problem in (20 tjonal terms compared to the conventional MMSE precoder.

Vi = 1Y) k.

to obtain the dual uplink optimization problem, which isieas The first tefmen:l_m ; Gij?m/N, contains information
to solve. regarding the channels between the UTs in other cells and
A. Multi-Cell HWM Aware Detection in the Dual UL the considered BS, and is exploited by the MCHA-MMSE

N v Coroll 2 and t ; the d link precoder to suppress multi-cell interference. The secernd,t
ow, we apply Corollary 2 and transform the downlink = 5 L  ~H 9 L  ~H
optimization problem in (20) into its dual uplink equivaten "UR >om=1 GimGim /N + kyrIy 0 (Zm:1 GJmGjm/N)’

The equivalent uplink optimization problem is given by accounts for the HWI.
L K In order to further evaluate the performance of the proposed
_min Z ZMSEE,CL MCHA-MMSE precoder, we also consider a multi-cell aware
P UiV 550 k=1 but hardware unaware MMSE (MCAHU-MMSE) precoder

which is given by

pir < KLppr, ~ MCA H -1
Pjk = B LpDL V?dCAHU: (U?4 HU) (E?/ICAHU) 7 (24)

M~

L
subject to:»
=1

7 k=1
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Fig. 1. Sum rate vs. number of BS antenndsfor K = 20 and Fig. 2. Sum rate vsrpr for N = 40, K = 20, andrur = kpr.

kBT = KUr = 0.03.

antennasN, the gap between the MCHA-MMSE precoder
where EéWCAHU is a diagonal matrix, which contains the anq all other considered precoders increases, too. From Fig
1, it can also be observed that the performance gap between

f th 0 “*Y on its main diagonal, and
norms ot the rows ofY; on 1ts main diagonal, and  he MCcAHU-MMSE precoder and the conventional MMSE

U?CAHU is obtained by setting? = x3 = 0in (23), and  precoder decreases with increasing number of BS anteNnas
is given by This is due to the fact that for increasiig, the orthogonality
1 L . of the channel vectors between the UTs in the neighboring
pMeARY _ 1 aH (_ 3 GG+ IN) , cells and the BS under consideration increases, which leads
! N VAN £ 7T Nppy less multi-cell interference.

25 . . .
(25) In Fig. 2, the sum rate performance of the investigated
The performance metric used in this paper is the networlewid precoders forN = 40 as a function of HWI parametetgr

ergodic achievable sum rate, which is given by is depicted. It can be seen that with increasimgr, the
I K sum rate of the proposed MCHA-MMSE precoder decreases
R— Z Z E {1og2 (1 4 SINRDkL)} (26) only slightly, whereas the performance of the MCAHU-MMSE
Vi )

precoder decreases rapidly. Consequently, the perfomnanc
gap between the MCHA-MMSE precoder and the MCAHU-
where the expectation is approximated by averaging over BIMSE precoder increases with increasirgr, t0oo. From
sufficient number of channel realizations, &R %" is given Fig. 2, it can also be seen that the MCHA-MMSE precoder
by (4) after replacingV; by V¥, VMMSE yMCAHU ang  achieves considerably higher sum rates than the convention
VMCHA 51 the BF, MMSE, MCAHU-MMSE, and MCHA- MMSE and BF precoders for the entire range rgfr. For
MMSE precoders, respectively. example, forxgr = 0.03, the MCHA-MMSE precoder
achieves>3% higher sum rate than the conventional MMSE
precoder. Surprisingly, for large values ©fr, the MCAHU-
MMSE precoder performs even worse than the conventional
In order to evaluate the performance of the propose(MMSE precoder. This is due to the fact that, in contrast to the
MCHA-MMSE precoder, Monte-Carlo simulations have beenconventional MMSE precoder, the MCAHU-MMSE precoder
performed. Here, we assume a system consisting, 6f 7 uses all available degrees of freedom in an effort to sugpres
cells, where in each cell, one BS serv&s= 20 UTs. The the multi-cell interference, which makes it more sensitive
cross gain is assumed to lpe= 0.3, and the transmit SNR mismatches.
is set toppr, = 20 dB. Moreover, we adopt similar antenna

j=1k=1

V. NUMERICAL RESULTS

correlation parameters as in [16]. In particular, we asstime VI. CONCLUSION
the number of physical paths is equal 36 = N, and the
normalized antenna spacing is= 0.5. We presented an uplink/downlink duality framework for

. i . gmlti-cell MU-MIMO systems with residual HWIs. We
In Fig. 1, the ergodic achievable sum rate of the proposedy,oyed that if the power allocation, precoding, and degecti
MCHA-MMSE precoder as a function oWV is compared to

) matrices are chosen properly, under the same total transmit
that of the MCAHU-MMSE, conventional MMSE, and the BF qer constraint, the same per-user SINR and per-user MSE as
precoders. In this simulation, we adopt similar residual IHW

' ; in the downlink can be achieved in the dual uplink. We used the
parameters at the BS and the UTs as in [12]. Accordingly

proposed uplink/downlink duality framework to transforhet
we haverpr = rur = 0.03. As can be seen, the MCHA- o qyork-wide sum-MSE minimization problem in the down-

MMSE precoder achieves substantially higher sum rates thag, 15 its uplink equivalent, and presented a MCHA-MMSE
all other investigated precoders. For example, 8or= 100, pracoder, which takes the multi-cell interference and HWI

the MCHA-MMSE precoder achieves an almastt higher  iniq account. Our simulation results showed that the pregos

sum rate than the MCAHU-MMSE and the conventional\ycya-MMSE precoder achieves considerably higher sum
MMSE precoders. In particular, for increasing number of BS,ias than the multi-cell aware HWI unaware MMSE, the

conventional MMSE, and the BF precoders.



APPENDIXA - PROOF OFTHEOREM 1 APPENDIX B - PROOF OFCOROLLARY 2

The second term on the right hand side of (18) can be
rewritten as

The downlink BS HWI component in (5) can be rewritten 2
2 52. H v
as 'f ik |8k Vik
L Ocjn +‘7qu +§ : § :plq ’gleVhJ’ = DL
2= nprgh (Iv o (VPV} b I=1g=1 SINRj
= A (La# Gk

2
K 2 H L K
N~ L2 H H Sk ijgjjk’ Sl o . ) 2
—E :“BTgljk (IN ° <§ :plqvlqvlq>>gljk = L= 462 462 YD g |V ]

L
SINRT
L N (L, g)#(,k)
Z Z Z HBszq| Gy n,k | } Vil, n,q } (32)
I=1n=lq= where we exploited (4), (12), and the equality of the per-use
L&, SINRs in the DL and the dual UL from Theorem 1. Comparing
Z Z KBTququ IN °© (gl]kgl]k)) Vig- (27) (32) with (18) and (19) completes the proof.

=1 q=

Next, we rewrite the downlink UT HWI component in (6) as APPENDIX C - PROOF OFTHEOREM 2
L K

~
—

After defining the error vectos; = d —d;, substituting
2 _ 2 H H . J g
T _ZZ“URplqvlqgljkgljkvlq- (28) P; = ppLlx and U = _]VH |nt0 (9), and using the

=1 g=1
Taking int tq15 - 4 (28 4 verformi properties]E{d?dl} =0,Vj # 1, ]E{dj zlé = 0,Vj,1, the
aking into_account (15), (27), and (28), and per OMMINGsym-MSE in thejth cell in the uplink can be formulated as

straightforward algebraic operations, the expressiodjrcén .
be reformulated in the following compact form [18] .
E {tr (ejefl)} = tr Uj( (1+ntm) D GG

(Lxcs - diag (b) - A7) p =, (29) e
L
where the elements df = [by,...,bx] are given by + e Y Iy o (GuGH) + LIN)I:T;' —2U,Gy; + I
R SINRDE 1=1 L
[b] G-)EK+k — . 3 V], Vk. (30) (33)

DL H
(1+ SINRj ’gﬁk Next, we take the derivative of the expression in (33) with

Now, considering (11) and (15), and performing a similarrespect toU and set it to zero to obtain the optimal detection
procedure as for (29), the expression in (12) can be rewrittematrix:

as the following matrix-vector form P L
- H
(Ixr — diag(a)- A)p = a, (31) WE {tr (ejef)} =U; < (1+rtm) Y GGy
j =
where p = [p] .. pL]T is the stacked vector of power L y 1 g
allocation of all UTs in all cells in the uplink withp; + R%TZIN o (G;iG];) + PEIN) -G, =0. (34

[pﬂ,...,pﬂ(] ,¥j € {1,..., L} being the power allocation
of the UTs in thejth ceII Comparing (11) and (30), it can Performing straightforward algebraic operations, theinogk
be concluded that identical individual SINRs in the dowklin detection matrix in (23) is obtained. This completes theopiro
and in the uplink can be achieved if and onlydf = b.

In the following, we show that the conditioa = b also

leads to identical sum powers in the downlink and the uplink. REFERENCES
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