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Abstract—We present linear precoding methods for down-
link transmission in multi-user multiple-input multiple- output
(MIMO) systems where channel state information (CSI) can
be obtained through training. In this paper, channel training
overhead and estimation error are rigorously accounted for
while determining the net system throughput. First, we congler
the case with training on the reverse link only. We study a
precoding method which is a combination of two schemes:
selection of users with largest estimated gains and zero+fing
to selected users. Next, we consider the case with trainingho
both reverse and forward links. We obtain a lower bound
on the weighted-sum capacity, and propose an algorithm to
determine an efficient precoding matrix. This precoding mehod

throughput maximization with minimal complexity at the
terminals. Different precoding methods have been studied
[7]1-[11]. The results suggest that sum rates close to sum
capacity can be achieved with much lower computational
complexity compared to DPC. However, these results assume
channel state information (CSI) at the base station and the
users. The techniques developed might require full CSI at
the base station and the users, and can be sensitive to CSI
accuracy. Motivated by this, different techniques havenbee
developed when limited channel knowledge is available at
the base station and prefect CSI is available at the users

effectively utilizes the training on the reverse and forwad links

efte / [12]-[16]. This limited feedback setting is motivated byeth
in improving net throughput.

scenario where partial CSl is acquired by the base station
I. INTRODUCTION through feedback.

We are interested in the downlink transmission from the " the limited feedback setting, the overhead associated

base station to the users. This multi-user MIMO downlinith channel training and error due to channel estimatien ar
transmission scenario is analyzed as the muIti—antenrmdlarongt accomfmte_d forin tge system thrloughpl)l.Jt. In [17], [(1)8@" th
cast channel (BC) problem in information theory literatur&ects O tra,'n'n%_a_n_ esélm?tmn In multi-user MLM sbys-
The sum capacity of the multi-antenna Gaussian BC has bd&fS Using time-division duplex (TDD) operation have been

shown to be achieved by dirty paper coding (DPC) in [1][4 tudied. Similar to this, we account for_these factors in the
It was shown in [5] that DPC characterizes the full capaci tthrough_putand consider TDD qperatlon. InTDD systems,
region of the multi-antenna Gaussian BC. In the multi-us&f€ transmit channel can be obtained from the reverse link

setting, the existing results show that significant thrqugh cannel as both are very closely related [19]. Specifically,
gains can be obtained with multiple antennas at the ba@@ channel model we study IS the followmg. The c_hannel IS
station and single antenna at the users. We are interes@éaumed to undergo block fading with a coherence mter_val of
in this scenario where the the base station hAgntennas, 1" symbols. We assume that the reverse _channe_l matrlx and
and thek (< M) independent users have single antennas ward channel matrix shf';\re a reC|prOC|ty.r.ela.tlonshrp. I
shown in Figure 1. 18], we proposed scheduling and pr_e—con_d|.t|on|ng schemes

for multi-user MIMO TDD systems with training on reverse
link only. In this paper, we focus on the case with training
on both reverse and forward links.

We first look at the case with training on reverse link only.
In this setting, we briefly describe the precoding method we
developed in [18]. The base station obtains minimum-mean-
square-error estimate (MMSE) of the channel matrix from
the reverse link pilots. This channel estimate is used in the
precoding method which consists of a scheduling strategy
and zero-forcing. In the case of homogeneous users, the
scheduling strategy is simply the selection of users with

The DPC technique [6] is fairly involved and is compulargest estimated channel gains. Next, we consider the case
tationally challenging to implement in practice. Therefor with training on both reverse and forward links. Recently,
a problem that obtained significant research attention tisere has been similar work in [20]. The authors consider

Mobile Users
Forward Channel

Base Station

Reverse Channel

Fig. 1. Multi-User MIMO TDD System Model



two-way training [21] and study two variants of linear MMSE Computation

precoders as alternatives to linear zero-forcing precused
in [17]. We use a modified version of the precoder proposed ‘ ‘ ‘ ‘ ‘ ‘ ‘
in [11]. In the approach in [11], the precoding matrix is
obtained using an iterative algorithm which tries (there is
no proof of convergence) to find one of the local maxima of
the sum rate maximization problem when CSI is available Fig. 2. Training on reverse link only

at both the base station and the users. Since the base station

obtains CSI through training, we modify this algorithm to

account for the error in the estimation process. We compdhe additive noisew, are i.i.d. CN(0,1). There is average

the performance of the different methods considered trougoWer constraint at every user during transmission given by
numerical examp|es_ ]E[HS’,«]CHQ] =1 Wheresrk IS thekth Component Oér.

Training Symbols Data Transmissior
Coherence Interval

A. Notations I1l. T RAINING ON REVERSELINK ONLY
We use bold font variables to denote vectors and matricesyye consider the scenario in which the system is operated

All vectors are column vectors. We ugg” to denote the iy three phases as shown in Fig. 2. In the training phase,
transpose(-)* to denote the conjugate arid' to denote the the ysers transmit a training sequence to the base station
Hermitian of vectors and matrices. (T4 denotes the trace of o the reverse link. The base station performs the required
matrix A andA~! denotes the inverse of matiiX. diag{a} computations including user selection and precoding in the
denotes a diagonal matrix with diagonal entries equal to thgmputation phase. We assume that this takes one symbol. In

components oh. E[-] andvar{-} stand for expectation andihe data transmission phase, the base station transmits dat
variance operations, respectively. to the selected users.

Il. SYSTEM MODEL . .
. . . ) A. Channel Estimation
The base-station witll/ antennas communicates with the

K independent users on both forward and reverse links ad® k&Y advantage of TDD systems over frequency-division
shown in Fig. 1. The forward channel is characterizediby ~duPlex (FDD) systems is channel reciprocity. We exploit
M propagation matrid. We assume independent RayleigfiliS Property to perform channel estimation by transntin
fading channels, which remains constant over a duration G#iNing sequences on the reverse link. Every user trassmit
T symbols called the coherence interval. The entries of tfgduence of training signals of, symbols duration in every
channel matrix are independent and identically distribute§©N€rence interval. We assume that these training segsience
(ii.d.) zero-mean, circularly-symmetric complex Gaassi &€ kn(_)vyn a-priori to the base-stat;on. Thi& user transmits
CN(0,1) random variables. Our model incorporates frél'€ raining sequence vectQr7,, y;. We use orthonormal
quency selectivity of fading by using orthogonal frequencypeduences which implieg{v; = 4;; where 6;; is the
division multiplexing (OFDM). Note that the duration of theKronecker delta. The use of orthogonal sequences restricts
coherence interval in symbols is chosen for the OFDM suble maximum number of users tg,, i.e., K' < 7.
band. Due to reciprocity, we assume that the reverse channelhe corrupted training signals received at the base-statio
at any instant is the transpose of the forward channel. IS

Let the forward and reverse SINRs associated wkith Y, =\Trp H'E, ¢' +V, 3)
user bepy, andp,., respectively. These forward and reverse

SINRs remain fixed throughout the channel uses. On thd1ere ¥ = [¢1 ¢ --- x| and the components additive
forward link, the signal received by tHe" user is noise matrixV,. are i.i.d.C N (0, 1). The base-station obtains

the LMMSE (linear minimum-mean-square-error) estimate of

Tir = /Prx b se 4+ wy (1) the channel
where h is the k'™ row of the channel matrix and /P Try oty 17
) . . ) . ST r17rp rK'Trp T~rT
s¢ is the M x 1 vector in which information symbols to H = diag L P 1+p7‘KTrp:| vy, . (4

be communicated are embedded. The components of the

additive noise vectofws, wys - -+ wyk| are ii.d.CN(0,1).  Thjs estimateH is the conditional mean cH and hence,
The average power constraint at the base-station durifig MMSE estimate as well. By the properties of conditional

transmission iE||s¢||”] = 1 so that the total transmit powermean and joint Gaussian distribution, the estimafeis
is fixed irrespective of its number of antennas. On the revelggependent of the estimation errdi = H — H. The

link, the vector received at the base-station is components offI are independent and the elements of its

%, = H'E, s, + W, (2) k' row areCN (0, %) In addition, the components

wheres, is the signal-vector transmitted by the users arfff H are inldependent and the elements ofit$ row are
E, = diag{[\/pr1 v/Pr2 -+ /Prx)’}. The components of CN (0, m)



B. Scheduling and precoding on Forward Link Corollary 1: For the system with homogeneous users con-
In this work, we confine ourselves by the homogeneo§ilered, a lower bound on the sum capacity is

case where forward SINRs from the base-station to all users Cowmny = max N -Cing_is. 9)
are equal and also reverse SINRs from all users to the s N<K, Nel+ "

base-station are equal, i1 = --- = pjx = py @nd p geheduling Strategy

pr1 = - = prx = pr. The case of heterogeneous users is

The need for explicit scheduling arises due the use of
pseudo-inverse based precoding of the information symbols
and precode the information signals to be transmitted lsetheW'th perfeﬁt célh?nnel I:n?évledhge at thz bgse stat];ln:( I(;I)

N users. The scheduling strategy used to select the us%?g_ no schedu l_ngN = K), t € pseudo-inverse based pre-
is explained in Section 1lI-D. Let the set of users selecttPding diagonalizes the effective forward channel andever
be Sy C {1,2,---,K} with N distinct entries. The base USer sees statistically identical effective channel peesive
station E)rmé t’heM’x 1 transmission signal-vectat; from of its actual channel. The inability to vary the effectivarga

the information symbol-vectog = [q1 ¢ - - qn]” for the to the users depending on their channel states is due to

selected users by pre-multiplying it with a precoding mxatri lack of any cha_nne_l knovx_/ledge at the users. This possib_ly
We use the precoding matrix causes a reduction in achievable sum rate. Motivated by this

we propose a scheduling strategy which explicitly selects

discussed in another article [18].
The base station selecd(< K') users among th& users

Al (ﬂsNﬂTSN)_l N < K users before precoding.
Ag, = (5) In every coherence interval, the channel estimate at the
ir (ﬂ it )*1 base station is used to select tié users with largest
SNEEsN estimated channel gains. Lét{l),h@),--- 7h{K) be the

norm-ordergd rows of the es}imated ghanpel mdf[iAxThen,
the matrixHg, is given byHg, = [h) he) -+ hoy]?
%nd the lower bound in (8) becomés§,.q_;, =

which is proportional to the pseudo-inverse of the estinhat
channel. Thd\[xM matrixHg, is formed by the rows in set
Sy of matrix H. We use this precoding matrix because of th

lack of any channel knowledge at the users. The precoding iy ( PrTrp )E2 ]
matrix is normalized so that(ATSNASN) = 1. log, [ 1+ LHorTry (10)
The transmission signal-vector is given by 1+ py (1+p17' + 1£’/‘)“;’ var{n})
Sf = Aqu (6) ) . 7%
ere, random variable = (tr | (UUT) where U

. L .. H
and the power constraint at the base station is satisfied igytheN « M matrix formed by theN rows with largest

i i it 2 - “ e
|l£np05|rllg thg (gond'tlor'ii[”.q"t”h] B 1,|Vn Et {1, .’]\é}'ttﬁorms of aK x M random matrixZ whose elements are
rom (1) and (6), we obtain the signal-vector received a ifd. CN(0,1). We provide numerical results showing the

selected users to be improvement obtained by using this strategy in Section V.

=./prHs, A 7 .
X Py HsyAsyat Wy (7) E. Net Achievable Sum Rate
whereHs, is the matrix formed by the rows in séty of Net achievable sum rate accounts for the reduction in
the matrixH. achievable sum rate due to training. In every coherence
C. Lower Bound on Sum Capacity interval of 7" symbols, firstr,,, symbols are used for training

In this section. we obtain a lower bound on the suf" r€verse link, one symbol is used for computation (same
. ’ . . assumption as in [17]) and the remainifig- 7., — 1 symbols
capacity of the system under consideration. The approach is T . P
T i are used for transmitting information symbols. The number
similar tp that in [17], [22]. The lower bou.”d hold_s for anyof usersK and the training length,., can be chosen such
scheduling strategy used at the base station which selectt%élat net throughput of the system”i)s maximized. Thus. net
fixed number of users. Recall that the base station perform ' '

channel estimation as described in Section IlI-A. acﬁmevable sum rate is defined as
Theorem 1:For the system under consideration, every c, T—7p—1
selected user can achieve a downlink rate during data trans- T
mission of at least subject to the constraints., < 7 and K < min(M, 7,,).
Coum—n(+) In (11) is given by (9).
pr2 x| @) w(+) in (11) is giv y (9)

1+ps (ﬁ + var{X}) IV. TRAINING ON REVERSE AND FORWARD LINKS

et(M,py,pr) = pax Csum—u()  (11)

Cina—1p =1ogy | 1+

In the transmission scheme considered before, the users

N -4 0 not receive any knowledge about effective chann_el gains.

by x = (tr [(ﬁsNﬂLN) D ) Therefore, we used the expected value of the effective gains
seen by the users to obtain a lower bound on weighted-sum

bits/transmission wherg is a scalar random variable givend



Computation
\, Forward Pilots

‘ ‘ ‘ ‘ ‘ ‘ ‘ Cnet:HTliXT_Trp;Tfp—l

which is consistent with the earlier definition.

We define net achievable weighted-sum rate as

Cwsum—lb(')

Reverse Pilots Data Transmissior
Coherence Interval

Fig. 3. Training on reverse and forward links C. Edfficient PreCOdmg Matrix

In this section we suggest a different way for determining
a precoding matrixA.

capacity. The base station can send forward pilots to theas explained in Section IlI-A, the users transmit or-
users so that the users can estimate their effective gaingHBgonal training sequences on the reverse link. From the
every coherence interval. This gives a transmission SCheﬁlﬁ‘rupted training sequences, the base station obtains the
consisting of four phases - reverse pilots, computatiorsehapmMSE estimate of the channel. The base station uses this
forWard p|IOtS and data transmission - as ShOWI’l in Figure éqanne' estimatét]: to form a precoding matrix to perform
In th|S SCheme, the users can Obtain eﬁective Channel gﬂh‘bar precoding_ LefA denote any precoding maitrix which
estimates at the expense of increased training overhead. s a function of the channel estimate, i.&,= f(H). The
A. Forward Training precoding functionf(-) usually depends on the system pa-
rameters such as forward SINRS, reverse SINRs and weights

The base station transmitg, forward pilots so that the : ! -
. . . . . assigned to the users. We assume that the precoding matrix is
users can obtain estimates of their channel gains. Since we

i 1l — issj i -
are interested in short coherence intervals, we consider {hormahzed SO that T<A A) L. The transmission signal

i i — — . T
case with very few forward pilots. Note that, can be vector is given bys; = Aq whereq = g1 g - gx]
. : is the vector of information symbols for the users. The net
less than the number of usefs. For this reason, we do

. ) ) L achievable rate derived in Section IV-B is valid for any
not restrict to orthogonal pilots in forward training. The recoding function. In the remaining part of this sectior, w
forward pilots are obtained by pre-multiplying the vectorg i . I. di hod '

M g5 ) with the precoding matrix. In the case of escribe a particular precoding method. .
v ’f ’q’a ilot _q id th. f d pilot Let us assume for the moment that the channel médriz
one -orwar pilot €7, = )51\)Ne cons erT € forward piiotS \ hown to the base station and mobiles. In [11], the following
obtained from the vectog,, © = [1 1---]7. In the case of 4nnrgach was suggested for finding a good precoding matrix
Tip = 2,(\1/\§e consider the forward |(°1')|0tS obtained from they \henH is known. Leth; be thei-th row of the channel
vectorsqy ' = v2[1010---]" andq,’ = v2[0101---]".  matrix i and leta, be thej-th column of precoding matrix
It is straightforward to extend this to any number of forwark | The sum rate of the broadcast channel can be written in
pilots. We denote the vector of corrupted forward pilotghe form

received by the:*" user byxpp. M ( IhTa, 2 )
7

B. Net Achievable Weighted-Sum Rate R(H,A) =) log

J=1

1

. um Rai . T T (AAT) +5,.,, [BTa P
Let A be an arbitrary precoding matrix, not necessarily the '
pseudo-inverse of the estimated channel matrix. We use sdmeé
lower bounding techniques as before to obtain net achievabl

e |? 52 T a2
weighted-sum rate for the transmission scheme with reverse b; = [hja;[” andc; = o"Tr (AAT) + Z [hjar "

and forward pilots. From (1), we obtain the signal-vector i
received at the users Let further A andD be diagonal matrices with diagonals
x; =E/HAq+wy 12) A = diag <(HA)“ [HA) (HA)MM) (14)
T C1 C2 CM
whereE; = diag{[,/p},/p? 1/pﬂ } We denote ,.q
the effective forward channel in (12) b = E;HA with _ by by bas
(z’,j)th entry g;,. D = diag (Cl it ) calbatea) " onrlbns + CM)) .
Theorem 2:For the transmission scheme considered, a B (15)

lower bound on the downlink sum capacity during transmisn [11] it is shown that the equatior%w =0 imply
sion is given by Y

K A = ((0*Tr(D))Iy + H'DH) '"H'A.  (16)
Cuwsum-—1v :ZEUOg2 (1+ This equation allows one to use the following iterative
k=1 algorithm for determining an efficier:
IE [ger [%pk] |2 1) Assigning some initial values to matrices and D,
- (13) for instanceA = I, D = Iy

14+ Elgril?|xpi] + var X )
Z;k lgual? ] {gurlepn} 2) Repeat steps 3 and 4 several times



3) ComputeA according to (16); 7

4) ComputeA andD according to (14) and (15). Grfgggj;c:'l“gﬂﬁ )
Let us now assume that only an estimbfeof the channel ToZEsch =8
matrix H and the statistics of the estimation errHr are s—gzp-sm,M:zt
-0-ZF,M=4

available. Let us also assume that the base station se
very powerful pilots so that each mobile can very precisel
estimate its signal to noise ratio. In this case the sum dgpac

Sum Capacity Lower Bound (bits/s/Hz)

is equal to il Ol
A A~ ~ \0‘~
R(H,A) = E4[R(H+H, A)|. A S LN
o A e g

The approach suggested in [11] can be extended for tt o ? ? R T ST e
scenario as follows. Since the statisticskfis assumed to Number of Users (K)
be known, we can generafe samplesH) i = 1,... L, _ _
according to the statistics. Defifd(?) = H + H(®. Then Fig. 4. Sum capacity lower bound
the average rate can be approximated as

~ 5 T T T T T T T
R(H,A) R 4.sﬂjpf:oaB, p,=-10dB
L M O 12 5 -
1 |h aj| £
o= 1 1 J ' T ast
722 los (14— : o, o) £
i=1 j=1 g Tr(AA )+Z7¢J |hj ar| 3 3k N S
. . 0 25-
We defineA® andD(® as in (14) and (15) using the matrix & |
H(i) instead ofH. Using arguments similar to ones used ir 5 |
[11] we obtain that the equatiorﬁA% =0 imply £
I = 0.5 H
ZH(i)A(i) _HOITDOH® _ 5277 (D(i))A:()_ a7 "7 2 3 4 5 6 7 8 o 10 11 12 13 14 15 16
P Number of Users (K)
Let Fig. 5. Number of users selected
L L
V=Y HOTDOHD 1 2Tr (DN, T=Y HOA®,
; ( Mas ; A. Reverse Training Only
From (17), we have that Fir_st, we keep the training_ sequence length to the minimum
possible, i.e.;, = K. In Figure 4, we plot sum capacity
A=VIT (18) lower bound verses the number of uséfs= {1,2,---, M}

) o ] ) for M = {4,8,16} when forward SINRp; = 0 dB and
This al!oyvs us to use th_e followmg iterative algorithm foro, arse SINRp, = —10 dB. We observe that the precoding
determining aA that maximizes the average rate. method ZF-Sch gives significant improvement over ZF. In

1) Assigning some initial values to matricex) and both the methods, the achievable sum rate increases with the

D@, for instanceA () = IM,D“_) =1Iu number of base station antennas. In Figure 5, we plot the

2) Repeat steps 3 and 4 several times optimum number of users selected by ZF-3¢j, versus the

3) ComputeA according to (18); number of users presetf for the SINR considered above

4) Compute A" and D according to (14) and (15) and M = 16.

usingH® instead ofH. Next, in Figure 6, we plot net achievable sum rate for

coherence interval¥’ = {10, 20,30} symbols. We observe
that the net achievable sum rate increases Withfor both

We provide numerical results in both reverse trainingF and ZF-Sch, and the precoding method ZF-Sch outper-
only and reverse and forward training scenarios. We aierms ZF. We notice that the net achievable sum rate varies
particularly interested in high mobility users, i.e., shmvher-  significantly with the coherence interval. This demonstat
ence intervals. We use FB(to denote a precoding methodthe need to take the coherence interval into account while
usingn number of forward pilots. Note that FP)(denotes designing wireless systems.
training on reverse link only. We denote results obtainetth wi .
zero-forcing (without scheduling) by ZF, zero-forcing Wit B- Reverse and Forward Training
scheduling by ZF-Sch, the approach in [11] by SVH and the We compare the performance of different methods using
modified algorithm given in Section IV-C by Mod-SVH.  numerical examples. We keep the value of reverse SINR

V. NUMERICAL RESULTS



TABLE Il

35 MULTI-USER SYSTEM WITHM = 16 AND K = 8

—-ZF-Sch, T=10
~ 37'X'ZF,T:10 b
L 31¢-zF-sch, T=20 py (dB) 10 15 20 25 30
P s et ZF-Sch-FPQ) | 20.99 | 20.79 | 37.90 | 44.43 | 48.71
g |ozrT=30 ZF-Sch-FP() | 12.73 | 2045 | 28.38 | 3638 | 4441
2 ZF-Sch-FPP) | 1218 | 19.59 | 27.37 | 35.40 | 43.64
3
® Mod-SVH-FPQ) | 13.59 | 20.73 | 28.52 | 36.60 | 44.40
8 Mod-SVH-FPQ) | 12.96 | 20.01 | 27.72 | 35.66 | 43.74
%
<
3
=z

o

- ’ 0 ‘
- -x-ZF-Sch-FP(0) T
02 [‘1 L é 1‘0 1‘2 1‘4 16 -©-Mod-SVH-FP(1), . e D

6
Number of base station antennas (M)

IS
@

N
S

Fig. 6. Net achievable sum rate for different coherencenats

w
@

TABLE |
MULTI-USERSYSTEMWITHM =8 AND K =8

N
@

N
=}

Net Achievable Sum Rate (bits/s/Hz)
w
8

py (dB) 10 15 20 25 30 i
ZF-Sch-FPQ) 7.56 | 11.56 | 15.40 | 17.87 | 18.86 15 1
ZF-Sch-FP{() 6.58 | 10.33 | 15.21 | 21.83 | 22.79 10 N N U NN N U SR S

10 12 14 16 18 20 22 24 26 28 30
ZF-Sch-FPg) 7.69 | 11.67 | 16.67 | 22.08 | 28.99 Forward SINR (dB)
Mod-SVH-FP() | 7.11 | 11.17 | 16.56 | 24.14 | 30.43
Mod-SVH-FPQ) | 7.77 | 11.93 | 17.22 | 24.04 | 30.04 Fig. 8. Mod-SVH and ZF-Sch fo = 16

o= —_— 8 users.andM = .16 antennas at the bgse station. Again,
-6-Mod-SVH-FP(2) we obtain the achievable sum rate for different methods and

W
=}

tabulate these values in Table Il. In this case, we observe
that using forward pilots is not advantageous in the SINR
range considered. We plot the methods ZF-SchefRad
Mod-SVG-FP() in Figure 8.

N
@

N
=}

VI. CONCLUSION

=
3

In multi-user MIMO downlink, training is very impor-
tant to obtain CSI at the terminals. Reciprocal training

Net Achievable Sum Rate (bits/s/Hz)
-
S

: e made feasible by time-division duplex (TDD) operation is
oo adoNR gy ® key to obtaining CSI at the base station. When coherence
intervals are short, the overhead associated with training

Fig. 7. Mod-SVH and ZF-Sch fonl = 8 can significantly affect the net throughput. Therefore sit i

important to choose the number of reverse pilots, the number
of forward pilots and the precoding method based on the
dB lower than the forward SINR in all the cases consideregPherence interval length. From the numerical examples, we
For the algorithm Mod-SVH, we use the valde = 50 Observed that it is advantageous to introduce forward gilot
in the simulations. Since we expect different behavior fg¥hen SINRs are high. We conclude that linear precoding
M = K and M > K, we consider the following two Methods can be used at the base station to take advantage
examples. In the first example, we consider a system wigh the_multiple antennas. This significantly improve the net
K = 8 users andV/ = 8 antennas at the base station. Fg#ownlink throughput.
the different methods considered, we obtain the achievable
sum rate for forward SINRs ranging froi® dB to 30 dB. )
These sum rates are given in Table 1. In this case, we obseryd N€ authors would like to thank T. L. Marzetta for helpful
that using forward pilots is advantageous at high SINREIScussions on this topic.
In particular, we observe significant improvement by using
Mod-SVH algorithm over ZF-Sch at high SINRs. We plot

_ _ _ N i i [1] G. Caire and S. Shamai, “On the Achievable Throughput of a
the methods ZF-Sch Fm(and Mod-SVG FF{O in Figure 7. Multiantenna Gaussian Broadcast Chann®EE Trans. Inf. Theory

In the second example, we consider a system iith= vol. 49, pp. 1691-1707, Jul. 2003.
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