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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
[7], [8]. This model has also been experimentally validated
c.f. [8], [9]. One of the earliest works, which adopts thiswne
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 [10]. 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[11], where the authors derive analytical expressions fier 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 communicationalso present an HWI aware MMSE detector. Moreover, in
systems. our recent work [12], 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 [12], 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 andIslW (direct gain), and; for j # [ (cross gain). In this paper, we
into account. assume that the BS employs a uniform linear array (ULA), and

Th ind f thi . ized foll | adopt the ULA channel correlation model used in [13], [14].
e remainder of this paper is organized as follows. nAccordineg, we haveA = (B Oxy—1s] With Oy (-1

Section Il, the system model is presented and benchmaré,ldM being an x (N — M) all-zero matrix and the number
schemes are introduced. We develop the proposed UL/D f dimensions of the antenna’s physical model, respegtivel

duality framework for multi-cell MU-MIMO systems with C ;
: X ; . orrespondingly, we adof = [b(¢1),...,b (¢a)], where
residual HWIs in Section Ill. In Section IV, the MCHA-MMSE the steering vectob (¢.,) is defined as [13], [14]

precoder is derived, and in Section V, numerical results are 1

, . T
provided. Finally, conclusions are drawn in Section VI. b (qu):\/—M {1, .. .76—271'1/\(N—1)sm(¢m)}m e{1,...,M},
Notation: Boldface lower and upper case letters represent (2)
column vectors and matrices, respectively: denotes the .
K x K identity matrix and[A], , [A].,, and[A],, stand Wher€ém = —m/2+ (m—1)m/M is the mth angle of

arrival (AoA), and ) is the antenna spacing in wavelength,
respectively. Moreover, in (1)P; = diag (pi1,...,pix) rep-
resents the downlink power allocation matrix, wheng is
the power allocated to théth UT in the ith cell. Here, we
consider a sum transmit power constraint at each BS, i.e.,
tr (P;) < Kppw, VI € {1,...,L}, where we definepy, to
be the per-user transmit SNR in the downlink. In addition,
B; = diag ({1, ---,&k), whereg;;, is used to optimize the
MSE of thekth UT in the jth cell in the downlink, wich we
denote byMSELY. As mentioned in Section 1, in this paper,
we adopt the HWI model from [10], where the residual HWI
at each antenna branch is modeled as a mutually uncorrelated
Gaussian random variable, whose variance is proportianal t
In this section, the considered multi-cell MU-MIMO sys- the average signal power at that antenna. Thus, in (1), the
tem model with residual HWIs is introduced and two bench-stacked vector of HWIs in the transmit chain of tie BS is

for the kth row, thelth column, and the element in theh
row and theth column of matrixA, respectively(-)* denotes
the complex conjugate ang(-), ()7, 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

mark schemes are presented. modelled bye; ~ CA (0, r3.Ix o (VP V}') ), wherergr
is a parameter, which reflects the amount of residual HWI at
A. System Model the transmitter chain of the BSs. Similarly, the residual IHiV

eaqh UT can be mc_)deled_ by an independent Gaussia_n random
frequency reuse is considered. In our system model, thetk ar Variable, whose variance is proportional to the averageved

cells and in each cell, one BS wifli antennas simultaneously POWer [10]. Hence, in (1), the stacked vector of residual HWI
servesK single-antenna UTs. Herd is assumed to be very atall UTs in thejth cellis modeled bys; = [u;1, . -2- M)

large and the ratio of the number of UTs to the numberwhere i, ~ CN 0,51, Zf:l K%Rplq’g?jkvlq’ is the

of BS antennas is denoted by — K/N. The independent |esiqual HWI in the receiver chain of theh UT in the jth

and identically distributed (i.i.d.) zero-mean complex/Gsian .o where 2, represents the amount of residual HWI at
data' symbols intended for the transmission to the L#Ts fhe receiver chain of the UTs. Furthermoze,~ CA’ (0, Iy)

the jth cell are stacked into vectad; = [dj1,...,djx]".  represents the stacked vector of the additive white Gaussia
]E{djd?' = Ik, whered;;, is the data symbol of théth  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 the receiver and transmitter chains of all UTs and BSs are

o L identical, respectively. According to (1), the receivednsypl
d, :Z P—l/QEjG;*j (VlPll/le+el)+P;1/QEj (u;+2;), atthekth UT in thejth cell is giyen by
=1

J
DL H [Py w
(1) dir’ =&k85 5k Vikdik + E E ik _Zgl_jkvlqdlq

A downlink multi-cell MU-MIMO system with universal

1=1 g=1 Pj
where Gy; = g ...8,x] € CY*¥ and V; = (La)#(5,k)
[Vii...vix] € CN*E with 8k and v, being the channel ik L Y
vector between theéth UT in the jth cell and theith BS + - T Zgljkez + Hjk + Zjk | - (3)
1=1

and the unit-norm precoding vector for tiéh UT at thelth
BS, respectively. In this work, we assume a block flat fadingHence, the signal-to-interference-plus-noise ratio (It the
channel. We further assume a correlated channel model, i.eth UT in the jth cell in the downlink is defined as

ik = lekhljkv Wherehljk ~ CN(O,IN), and lek = pjk‘g?jkvjk‘Q

H 6 BH - SINRDL £ , (4
E{gi;x81;1} = RujuRyj, represents the channel covariance ik L K
matrix of thekth UT in the jth cell. Furthermore, we adopt E E plq‘g?‘kvlq|2 +o2 +02 +1
the channel correlation model used in [13], [14], iRy, = =1 =1 ! ! §

aijkA, whereoy;, models the path loss between thiln UT (L) #(,k)



Whereafjk andaijk are given by P, = [Pj1, - ,ij]T ,j€{l,...,L}, is chosen as

L —1
7t = 2 el (v o (VIPIVE) J g (8) p = (Liez —diag(@)- A7) 2, (10)
=1
) L K ) y ) identical SINRs in downlink and in uplink can be achieved,
o => > kUrpigl8hkvia| 6) e, SINI}?,} = SINRJ,", Vj, k, for the same sum powers, i.e.,
=1 =1 S k1 Pik = Yiq Sy Pjk- Here, the elements of
vectora = [ay,...,ax]  in (10) are defined as

B. Benchmark Schemes SINR}J]CL

1+ SINRG;) V¥ g |’

(a] 5

(j—l)K-‘,—k = ( avj7Vka (11)

BF and conventional MMSE precoders are the most com-
monly used linear precoders for downlink massive MIMO
systems [1], [14], [15]. Thus, in this paper, we consider BFwhereSINRY" is the SINR of thekth UT in the jth cell in
and MMSE precoders as benchmark schemes, and compafg uplink, and is given by
their performance with that of the proposed MCHA-MMSE
precoder. The BF and MMSE precoders at tith BS are SINRUL 2
given by, respectively, Ik L K

. H 2 .2 L2
VP = (PP Gy, (7) Z Z Dug|VinBiig| + 02, + 05, 1

=1 g=1
1 o La) Aok
V?/IMSE _ <JMMSE <ijGJH» + IN) G, (8) (La)#(4.k)

J .
PDL whereg? andg? —are defined as
gk Hik

Pin|[V58in ’2

, (12)

where (PF and (5P are normalization factors, L

which ensure IElhat the total transmit power constraints 52—yt (ZH%T (INO(szPzGJHl))> vin,  (13)
BF BF _ MMSE MMSE —

tr (VI (VEF) )—Kandtr VIMSE (VAIMSE) A=

- . 2
K are met. As can be observed from (7) and (8), the BF and 2 = Z Z K%Rqu!V'fkgjlq\ _ (14)

MMSE precoders take neither the multi-cell interference no 7 P

the residual HWIs into account which leads to performance B

degradation. Moreover, the elements of matrix € REXELXKL gre given by
[Il. UL/DL D UALITY IN MULTI-CELL MU-MIMO (Al 1y Kk (1)K g = Vi ( (1+ K{R) 8514850

SYSTEMS WITH RESIDUAL HWIS

In this section, we propose an UL/DL duality framework + rprIy o (;1,85,) >ij,VjJ,W€,Q- (15)

for multi-cell MU-MIMO systems with residual HWIs. First,

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. u

in Theorem 1 to MSE duality. Corollary 1: For a single-cell MU-MIMO system with

Theorem 1: For the downlink multi-cell MU-MIMO sys- ideal H/W, i.e., withL, = 1 and kg = Kt = 0, Theorem
tem defined in Section II, an equivalent dual uplink systeml reduces to a special case, whei&/R;’ and matrixA are
exists, whose channel and detection matrices are given hyiven by

G;,Vj,l € {l,...,L} andU; = B, V¥, respectively, where oVt ’2
matricesV;, Vj, have unit norm columns and diagonal matrix SINREL 2 = Prk|Vi 8k , (16)
E; contains the norms of the rows of matili;. In particular, S WM 1241
the stacked vector of the detected symbols in ttiecell in Z Palvig,|” +
the dual uplink system is given by qzla‘#’;
L (A, 2|viig,| " 7)
~UL < —1/2 ~1/2 . ) q
d; =P, :‘J’V? Z (Gjl (Pz d; + Nz))
=1 where we have omitted the cell indices for the sake of natatio
12 ) N .
+P; :jVJH (& +12)), (9) simplicity. Note that, as expected, the UL/DL duality theor

for single-cell MU-MIMO systems with ideal H/W presented
where P; = diag (py1,...,0ix) represents the UTs’ trans- in Corollary 1 is identical to the UL/DL theorem in [3].

mit powers in theith cell in the uplink with j;; being As can be observed from (12), the SINR expression of the

the trvansm|t hower LOf tg‘*th UT in the l,ﬂh cell. More- kth UT in thejth cell in the dual uplink system model depends
OVer, €; ~ CJT\/(O’ >y sy o (GuPr Gj))) and iy = only on the detection vector of theh UT in the jth cell. This
[fu1, .- - fux], wherefuy, ~ CN (0, k¢jgpir), represent the  makes the design of the detection vectors in the uplink much
dual UL equivalents of residual HWIs at the BSs and UTs,simpler than the design of the precoding vectors in the waigi
respectively. If the stacked power allocation vector oflélls  downlink problem, where the received signals at the UTs are
in all cells in the downlink, i.e.p = [p{...p]| , where coupled with respect to the precoding vectors. Now, we ekten



the results in Theorem 1 to MSE UL/DL duality, and provide Note that in (21), the normalization matr&; is absorbed into

the result in the following corollary. matrix U;. Moreover, the constrarnt]kvjk =1 is implicitly
Corollary 2: The DL and the dual UL multi-cell MU- met in (21), sinceV fJ?E;l, where Z; by definition

MIMO SyStemS with residual HWIs aS deflned in Theoremconta|ns the norms Of the rows M on its main d|agona|

1 have identical per-user MSEs, i.8ISE},” MSEjk 7VJ € Here, in order to focus on the precoder design, we assume a

{1,..., L}, ke{l,...,K}, whereMSEjk and MSE are  uniform power allocation in the uplink, i.ep,; = ppr, Vj, k.

given by Moreover, since the detector matrix at thith BS has only

DL DL 2\ 2 |H 2 H impact on the MSEs of the UTs in thih cell, the sum-MSEs
MSEj; —]E{”djk — djx| }—ﬁjk |85 vin| —26xR {& v} in different cells can be minimized individually. This leath
the following unconstrained optimization problem

2 L K
1+05 02 DS pig gl [ (18) min ZMSEjk 3. (22)
=1 ¢=1 P,,U;
(La)£(F) r=t

UL UL 51 .o | H 2 H In the following theorem, we present the optimal detection
MSEj; :E{dek — dji| }:gjk Vikgik —26kR{Vikgi}  vectors for uniform power allocation in the dual uplink st

2 Theorem 2: The solution to the optimization problem in
420k 1+;,€ + v 41, 19 (21) for a fixed power allocation is given by
Din #Jk ;qzlpld JnghI‘ (19) e &
_ ~ MCHA K
(La)£(i k) U, —GH <TUR Z G;nGh, (23)
Proof: Please refer to Appendix B. | N -1
BT
IV. MuULTI-CELL HWI AWARE PRECODING N W <Z GimG ) * NPDLIN) '
In this section, a MCHA-MMSE precoder is derived by
exploiting the proposed MSE UL/DL duality framework for Proof: Please refer to Appendix C. u

multi-cell MU-MIMO systems with residual HWIs presented _ o
in Corollary 2. The optimization problem for minimizatioh o Applying the UL/DL duality in Theorem 1, the MCHA-MMSE

the sum-MSE in the downlink is formulated as follows: precoding vector Of thekith UT at the jth BS is given by
oL V%OHA ( MCHA) /H MCHAH Vj,k/’, Whereﬁ%CHA is the
Jmm ZZMSE]k ’ kth row of matrix U?CHA which is given in (23). Next,

== the uplink SINRs can be calculated by (12) after substitutin

L K MCHA
_ _ Vik =V and subsequently the downlink power alloca-
subject to:y > pjx < K Lppr, tion is determined by (10).
j=1k=1
pik > 0,V k, Remark 1: CﬁrCanfrilng (23) and (8), and considering
vhovie =1V, k. (20)  VMOHA = (UJ =Z}CHA) ) where EMPA s a

Next, in Section IV-A, we apply the UL/DL duality framework ‘1"’;‘4900”3' matrix, which contains the norms Of the rows of

from Corollary 2 to the downlink optimization problem in (20 U; * on its main diagonal, it can be seen that the ex-

to obtain the dual uplink optimization problem, which isieas pression for the MCHA-MMSE precoder contains two addi-

to solve. tional terms compared to the conventional MMSE precoder.
The firstterm>>> _ . G; GH /N, contains information

A. Multi-Cell HWM Aware Detection in the Dual UL regarding the channefs between the UTs in other cells and

the considered BS, and is exploited by the MCHA-MMSE

Now, we apply Corollary 2 and transform the downlink precoder to suppress multi-cell interference. The secemnd,t

optimization problem in (20) into its dual uplink equivaten I h ) I H
The equivalent uplink optimization problem is given by KUR 2am=1 GimGjm /N + rprln 0 (Zm:1 Gijjm/N)*
accounts for the HWI.

P,.0,.v Z Z MSE In order to further evaluate the performance of the proposed
=1 k=1 MCHA-MMSE precoder, we also consider a multi-cell aware

) L X . but hardware unaware MMSE (MCAHU-MMSE) precoder
subject tO:E : § :pjk < KLppr, which is given by
j=1 k=1 H _1
~ MCAHU
ik > 0,V k, (1) VHICARU _ (GIEMIEY T (gheany) (s

whereU; = 2,VY, and MSE}," is given by (19). As can here =2/ s a dragonal matrix, which contains the
be seen from (21§ the dual uplink optlmlzatron problem has t th fU CAHU di | d
only a total transmit power constraint, and is therefordegas ohrdrgf of the rows o on its main diagonal, an
to solve compared to the original downlink problem in (20).U; is obtained by settln@%JR = K3 =0in (23), and
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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.

precoder decreases with increasing number of BS anteNinas
This is due to the fact that for increasing, the orthogonality
I )—1 of the channel vectors between the UTs in the neighboring
N

is given by

L
- MCAHU 1 /1 H
op :NGJ'J'(NE G;mGH,, +
m=1

cells and the BS under consideration increases, which leads

J
Nppr less multi-cell interference.
(25)

The performance metric used in this paper is the networlewid In Fig. 2, the sum rate performance of the investigated
ergodic achievable sum rate, which is given by precoders forNV = 40 as a function of HWI parametetpr
- is depicted. It can be seen that with increasifagr, the

_ DL sum rate of the proposed MCHA-MMSE precoder decreases

R = Z Z E {log, (1 + SINRj;) } (26) only slightly, whereas the performance of the MCAHU-MMSE

J=1 k=1 precoder decreases rapidly. Consequently, the perfornanc

where the expectation is approximated by averaging over gap between the MCHA-MMSE precoder and the MCAHU-
sufficient number of channel realizations, #iRL" is given ~ MMSE precoder increases with increasirgr, too. From
by (4) after replacingV; by V?F, V;MMSE, V§/I7€AHU and Figh.. 2, it can {:\éso tgle shgeﬂ that the MCHHA—MI\AISE pre;sder
MCHA ; _achieves considerably higher sum rates than the convettion
v for the BF, MMSE, MCAHU-MMSE, and MCHA MMSE and BF precoders for the entire range rafr. For
example, forkgr = 0.03, the MCHA-MMSE precoder
achievesz3% higher sum rate than the conventional MMSE
precoder. Surprisingly, for large values ©fr, the MCAHU-

In order to evaluate the performance of the proposedMMSE precoder performs even worse than the conventional
MCHA-MMSE precoder, Monte-Carlo simulations have beenMMSE precoder. This is due to the fact that, in contrast to the
performed. Here, we assume a system consisting, ef 7 conventional MMSE precoder, the MCAHU-MMSE precoder
cells, where in each cell, one BS serv&s= 20 UTs. The uses all available degrees of freedom in an effort to sugpres
cross gain is assumed to lpe= 0.3, and the transmit SNR the multi-cell interference, which makes it more sensitive
is set toppr, = 20 dB. Moreover, we adopt similar antenna mismatches.
correlation parameters as in [14]. In particular, we asstirae
the number of physical paths is equal 46 = N, and the
normalized antenna spacing is= 0.5.

MMSE precoders, respectively.

V. NUMERICAL RESULTS

In Fig. 1, the ergodic achievable sum rate of the proposed VI. CONCLUSION
MCHA-MMSE precoder as a function oWV is compared to
that of the MCAHU-MMSE, conventional MMSE, and the BF We presented an uplink/downlink duality framework for
precoders. In this simulation, we adopt similar residual HW multi-cell MU-MIMO systems with residual HWIs. We
parameters at the BS and the UTs as in [10]. Accordinglyshowed that if the power allocation, precoding, and detacti
we havekgr = kyr = 0.03. As can be seen, the MCHA- matrices are chosen properly, under the same total transmit
MMSE precoder achieves substantially higher sum rates thapower constraint, the same per-user SINR and per-user MSE as
all other investigated precoders. For example, for= 100, in the downlink can be achieved in the dual uplink. We used the
the MCHA-MMSE precoder achieves an almdé% higher  proposed uplink/downlink duality framework to transforhet
sum rate than the MCAHU-MMSE and the conventionalnetwork-wide sum-MSE minimization problem in the down-
MMSE precoders. In particular, for increasing number of BSlink to its uplink equivalent, and presented a MCHA-MMSE
antennasN, the gap between the MCHA-MMSE precoder precoder, which takes the multi-cell interference and HWI
and all other considered precoders increases, too. From Figqto account. Our simulation results showed that the pregos
1, it can also be observed that the performance gap betwedCHA-MMSE precoder achieves considerably higher sum
the MCAHU-MMSE precoder and the conventional MMSE rates than the multi-cell aware HWI unaware MMSE, the



conventional MMSE, and the BF precoders. APPENDIX B - PROOF OFCOROLLARY 2

APPENDIXA - PROOF OFTHEOREM 1 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 Teji +‘7qu +Z Z DPiq ’gl]kvlq’ - SINRDE

7, =3 whelh (Ive (VieVT) ) g, s S
€k s BTSIjk l ljk ) #(,k)

2
K 2 | H
2 _H H &k V‘kg"k’
:E:“BTgljk<INo<§:qu"lq"1q>>gla‘k :#:6 1452, +6 +§ Epzq\" 81q”

L
SINRTE o e
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 [16] ~
E {tr (ejefl)} = tr Uj( (1+rtm) 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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