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Abstract— We derive the ergodic channel capacity of a closed- full-rank transmissions. Hence the questions arise: Wik f
loop MIMO broadcast system under both random user selection rank transmissions perform optimally without perfect CSIT
(RUS) and semi-orthogonal user selection (SUS) principlesihen 5,4 cSIR? Will the situation be different, if sophisticated
considering the effects of channel estimation errors, charel state heduli h d? In thi ' id
information (CSI) quantization errors and CSI feedback-dday. user schedufing sc emes a_‘re used? In this paper we consider
We intend to answer the question of "How many simultaneous @ general channel estimation and feedback model. The key

users should be active in a time slot in order to achieve the findings of our study are as follows:

maximum sum-rate in a MIMO broadcast system?”. It is shown 1) Unlike in [5], where perfect CSIR was considered, we

that we should refrain from supporting full-rank transmiss ions . K listi i isted ch | . . d
due to the excess inter-user interference caused by impedeCSl| Invoke realistic pilot-assisted channel estimation an

at both the receiver and transmitter under RUS. By contrast,full- also take into account the effective capacity reduction
rank transmissions may be feasible under the SUS principleAn imposed by the pilot overhead and feedback delay.
approximate ergodic capacity equation is also derived for RIS, 2) We derive the approximate ergodic capacity for both

and then an adaptive-rank transmission strategy is derivedwhich

is capable of maximizing the achievable ergodic capacity. the single-user mode and multi-user mode under the

RUS principle. The optimal number of active usérsr?

can be found from our approximate equations. With the
. INTRODUCTION approximation equations, an adaptive-rank transmission
scheme is proposed.

We then also consider the semi-orthogonal user selection
(SUS) scheme and present the simulation results to show
the impact of active userd/.

The rest of this paper is organized as follows. In Section

Compared to point-to-point multiple input multiple output 3)
(MIMO) communications, multiple user MIMO (MU MIMO)
Downlink (DL) techniques are capable of achieving a mugtipl
access capacity gain, which is proportional to the number of
DL base station transmit antennas. Unfortunately, thiseben - B >
comes at a price of requiring channel state information 4t We outline our system model, while in Section I, the

the transmitter (CSIT), albeit its provision may be deemedfhiévable sum-rate is quantified, followed by our resuits i
impractical in some systems. Section IV. Finally, we offer our conclusions in Section V.

Substantial efforts have been dedicated to the design of
limited feedback aided systems, especially of FDD systems. II. SYSTEM MODEL

Th_e effects of imperfect CSl on th? capacity of point-to- \ye consider a single-cell MIMO Gaussian broadcast chan-
point MIMO channels were studied in [1] and [2]. As for, supporting a total of users with the aid of\, DL

the broadcast channe!, the authqrs of [3] found th?t " nsmit antennas at the base station (BS). A single receive
feedback rate per mobile must be increased linearly with tQg&:onna is used at each MS. We consider a homogeneous
sign_al to noise _ratio_ (SNR? in_ order to achieve the max?mumatwork, where all the users have the same average SNR,
attainable multiplexing gain in the absence of sophlmmmobimy, delay and the same number of feedback bits. We
user scheduling. Most of these contributions were based 20 me thafl/ (M < N,) users are assigned to each time-

the block fading channel and assumed delay-free feedbagky 1o MIMO broadcast channel (BC) is described by:
The authors of [4] considered the effects of imperfect and

outdated CSI, and presented the comparison of different M
quantization strategies associated with a delayed fe&dbac vk =iy it 2,k =1,..., M, (1)
link. However, most of the previous contributions ignorad t =1

impact of the number of active usefd and assumed that\yherey, is the DL signal received by usér hj, € C1 <Mt is
exactly N, users are supported in each slot, which meaf{e channel coefficient vector having zero-mean, unit vaga
i.i.d complex Gaussian entries; is the transmitted symbol
The financial support of RC-UK under the India-Uk AdvancedHhfelogy P o Y

. . 9 .
Centre and of the EPSRC under the China-UK Science Bridgeaizfglly vector O_b_eymg_the powe_r ConStra'E(|wi| ]_< P and Z_k IS
acknowledged. the additive noise of variancd,. We consider a stationary



IN 2012 IEEE 76TH VEHICULAR TECHNOLOGY CONFERENCE, SEPT, 120 2

ergodic Gauss-Markov block-fading process model, whege t8. Delayed Feedback Link
fading is temporally correlated. This model may be given by: Once the users quantized their channel directions, thel fee

hi(t) = ahy(t — 1) + A(2) (2) this information back to the DL transmitter over a delayed

. ) o feedback link. We assume that the feedback link is affected

wherec is the correlation coefficient , and.(¢) denotes the py 4 delay ofi frames. As a result, the feedback delay imposes
innovation process at the franteobeying the normal distri- gqditional errors, written asi(t) = a?h(t — d) +u(t), where

bution A(t) «~ CN(0, (1 — o?)I). The correlation coefficient u(t) obey the normal distributiorcfj\/go, 02Iy,), having a
a follows a = Jy (27 F'), whereJy(e) denotes the zero-order, 4riance of:2 262 4 (1 a?) Zl:()l Q2.

= Qa0
Bessel function and” is the normalized Doppler frequency. !

A Pilot-assisted Channel Estimation IIl. ACHIEVABLE RATE WITH IMPERFECTCSIT

Each user estimates his/her own channel coefficient vecfor SU MODE under the RUS principle

using a classic training process. Th&/; shared pilots symbol  1he BS may construct the precoding vector using Transmit

(L symbols per antenna) are allocated in a time-orthogonghiched Filter (TxMF) algorithm [6] according to the out-

manner [6]. During the fraining process, userobserves gateq and quantized channel direction. The received signal
his/fher channel at frame as: ri(t) = VLPhy(t) + zk(t).  transmission frame is written as:

Let us denote the estimate of the channel coefficient vector

and the CSI estimation error iy, (t) andey(t), respectively. y(t) =V Palh(t — d)ﬁT(t —d)s(t)+
The channel vector of usér at framet is modeled as: [ ) + JP (t)ﬁT(t 0) (t)} 8)
V4 u — S .
hk (t) = hk (t) + ek(t). (3)

Considering the capacity loss imposed by the pilot overhead

The MMSE estimate of the channel vector given the observmb ergodic capacity of the SU MODE is expressed as:

tion {ry(¢'): ¢ =0,...,t}, written as:

Ek(ﬁ) :E[Ek(t) | rk(t_ 1))"' 771k(0)} : (4) Csy =9E |}092 <1+ PanE(t_d)ﬁ;(t_d)P)] s (9)
No + Plu(t)h” (t — d)|?

The elements of the CSI estimation error vector obey the

R 5 : : _
distributionCN/(0, 01 I, ), having a variance of : wherey = 1 — 2L denotes the capacity loss owing to the

s [1— o? pilot symbol overhead in each frame, dfids the total number
M=\ )~ of symbols in a frame. We can then express the approximate

2 N (5) ergodic capacity as:
QERRNORIOEEY
B B 6)1—a?

B. Channel Direction Information Feedback Proof: 1) Desired signal term: We first derive the
Having estimated the CSI vector, each user quantizes #ggproximation of the expectation of the desired signal term

Po?N, (1 —02) (1 — o2
C5r " = logs <1 + tEVO Jr]lg?jg 2)> . (10)
3

directionh(t) = hit) ot its channel to a unit-norm vector - T 9
] 1] E[P,] =E {Poz R(t—d)h (t—d)| }
h(t) at framet. The quantized vector is chosen from a pre- " - s 5
defined CBB = [, C5 - - - Cyz] , where we have; € ¢V ! =E [Pa®|[h(t — d)||*cos®0]

. . . : (11)
b _
and B is the number of CB index bits. The quantized CSI L PaE [Hh(t _ d)||2} o [00829]

vectorh is determined by selecting the Code Word (CW) from -

B according to the minimum distance criterion, formulated =Pa’N; (1—07) (1—03)
as:h(t) = C;, i = argmax,_;...o5 |h(t)C;|. We opted for a ) ) .
CB design based on random vector quantization (RVQ) hefa€ equality (a) follows from the E(), the inequality (b)
Assuming that the angular difference betwdgft) and h(z) holds owing to Jensen’s inequality and the equality (c)ofu#

is 6, the orthogonal decomposition #f(t) is expressed as: from the Eq.(5? and Eq(7).
2) Virtual noise term: As the E¢8) shown, user treats the

h(t) = cosOh(t) + sinfg(t), (6) estimation error as the additional noise. We then derive the

. . C approximation of the expection of the noise term:
whereg(t) is a unit-vector, which is orthogonal to the quan- PP P

tized channel vectoh(t) and sin20 represents the quantiza-
tion error. The analysis provided in [3] shows that the upper

and lower bound of the expected quantization error value gf,q oqyality (d) holds because that the elements of u follows

the RVQ CB is expressed as : a normal distribution as GN(0,031y,) and |fLT|2 =1.
Ny —1 Pt <E [Smgﬂ — o2 < ONoT @) Based on the analysis above, the approximate expression of

Ny SU MODE's ergodic capacity taking account to the rate loss

~T
E[NO+P|u(t>h (t—d)?| £ No+Po?  (12)
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owing to the piolet overhead is given by:

Pa?[R(t — d)h' (t — d)|2>]
No + Plu(®h’ (t — d)|?

~
|
&=

j=1,j#k

M
[ > lehk(t)wj(t)?]

Csu =E llofh <1 +

95 ~T 9 P —
‘. [logg (1 LE (Po Rt — d)i" (¢ — d)| })] ) = e O 1B [yt ey (1) + et (0]
- NN P _
E [NO + P|U(t)h (ﬁ d)l } £ M (M _ 1) (a2dIE [|hk(t _ d)wj(t)|2] +E [Uk(t)wj(t)lﬂ)
Pa’N, (1-02)(1-02 P _ .
> ylog, <1+ ](Voﬂljlé 2)). L= (M 1) (0B [[R(t = d)PlRi(t — dyw; (1) + o)
P .
The inequality (e) holds owing to Jensen’s inequality. We* i (M —1) (e®'N, (1 — 07) E [|sinfg,, (t — d) wi(t)|*] + 03)
approximate the quantization errors’ upper bound in Eqb{7) P 1
the expected value of the actual quantization errors. Tihé), = -— (M —1) (anNt (1-0a7) agﬁ + og)
lower bound in Eq. (13) is seen as the approximate expression t (18)

of ergodic capacity, formulated as Eq. (10). ]
The equality (g) follow from the Eq.(6). Sinchy(t — d)
B. MU MODE under the RUS principle and w;(t) are independent and the elements of these two

vectors obey normal distribution with zero mean, the edyali

Zero-forcing b_eamfo_rming (ZFBF) _scheme is used in thi&e) holds. The equality (f) holds because that the elements
model. The received signal at transmission franfier userk of u follows a normal distribution as GA/(0,02Iy,) and

with imperfect CSIT is rewritten as: |w;(t)|* = 1. Similar with the equality (c), botly, andw;

yr(t) = V/Prhy(t — d)wp(t)sg(t)+ are unit-vectors on the\;; —1) dimensional hyperplane, which
M 1 are orthogonal tdvs. As a result, the terny, w;|*> obeys the
Z VP (Dw; (t)s;(t) + 2. (14) B(1, N;—2) distribution, we may gek [|g,,(t — d)w;(t)[*] =

w1, then the equality (h) is derived.

R ) 3) Virtual noise term: Similar with Eq. (12), the equation
where 2, = z + v Peur(t)wi(t)sk(t). Then, the received of expectation of virtual noise power is shown as:

SINR for userk: & may be described as:

_ Pk042d|ﬁk (t — d)wk(t)|2
- No+ Pylug(wi ()2 + S0 Pj|lhi(t)w;(t)]?  Based on the analysis above, the approximate expression of

j=1,j#k

P
N =E [Ny + Py|ur()wi(t)]*] = No + Mag. (19)

&k

J=1,j#k
. . MU MODE's ergodic capacity is given by:
Let us assume having an equal-power allocation scheme g pacty1s 9 y
for each frame, the approximate ergodic capacity of the MU M
MODE may be formulated as Eq. (15). Cymy =9E Zlog? (1+ &)
Proof: 1) Desired signal term: 4 k=1 E[P] (20)
~ M~logs <1 + 7S>
— E|[I]+E|N
P, =E [Pya®hy,(t — d)wy,(t)|?] _ _ _ [ J+E[N]
p A Since meeting the convexity condition of each supportedsise
%Moﬁd(l — 0?) N, <IE “cos@hk(t —d)ywi(t)*| + SINR can’t be guaranteed, we involve the approximation (i).
Also, we approximate the expected value of the quantization
E[|sin99k(td)wk(t)|2]> errors’ upper bound in Eq. (7) by the expected value of
17) the actual quantization errors encountered. Then, thigdow
b P oog o _ bound in Eq. (20) may be considered to be the approximate
“Me (1=01) ( (1 02) (Ne = M +1)+ expression of ergodic capacity, formulated as Eq. (15).1
2 . 2
Nios [lgk(ﬁ d)w(1)] } ) C. Adaptive-rank Transmission Strategy
c P oy 2 2 2 Based on the analysis above, we derived the approximate
=— 1-— 1-— Ne—M+1 : : L .
M (1= o7) (1~ a3) (N +1)+03) equation of the ergodic capacity under the RUS, written as

Eqg. (16). We can select the optimal number of active users
M using Eq.(16), which is theM value that maximizes the
ergodic capacity, namely:

The equality (a) holds sindey, andg,, are unit and orthogonal.
The equality (b) follows owing to the chi-square distrilouti
X3(v, 141, Tor the variableN;|hywy|? [5]. Since g, and
wj, are independent and isotropically distributed on fkig M°P" = arg max CAFP. (21)
dimensional hyperplanelg,w|?> obeys thes(1, N; — 1) ISM<N,
distribution [7], we may geE [|g,,(t — d)wy.(t)]*] = -, then ~ The BS firstly broadcasts a training sequence, and then
the equality (c) is derived. each user estimates his/her own channel. Each user quantize
2) Multi-user interference term: the CSI and then feeds back the code word index through
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Pa?? (1 —0?)[(1—02)(Ny— M) +1

leé[I[DJP — ]\4,}/log2 1 + ( > 1) [(2d 2) 5 ]; > (15)

M (No + Po3) + Pa?? (1 —o7) (M — 1), 5503

Pa®Ny(1-02)(1-03 .

vloga (1 + ]E]ﬁpgg( ) if M =1,

oA = Pa?(1-02)[(1=02) (N, — M) +1] : (16)
Mrlog, (1 + M(No+Po?)+Pa2d(1—02) (M—1) gy o2 if 1 <M< N,
a delayed feedback link.Assuming that the BS knows all the 01

system parameters, the BS calculate the ergodic capadity us
Eq. (16) for all possibleM, M =1,2,--- . N;. Then the BS
select the optimal/, using Eq(21). Finally, the BS selects
M out of K users and constructs the preprocessing matrix,
and transmits the coded data symbols.

Normalized Doppler Frequency
o
=
&

e 9 9 ¢
9
@

D. Upgrading The RUS to the SUS Principle SIS EEEEE
The SUS principle [8] allows the BS to assign the users ’ e ”

that have high channel qualities have sufficiently différen . ) ) )
Fig. 2. The optimal number of active usévs at a given SNR and normalized

quar_mzed directions. The channels of suppc_>rted users B&pler frequencies F for achieving the highest capaaity/f=2 and B =9.
semi-orthogonal, ané; and wy are no longer independent.

Hence, the chi-square diStribU“OY%(N,_MH) assumption  Fig. 1 quantifies the optimal number of active users at a
used in the RUS case no longer holds under the SUS princigdé/en SNR and number of feedback bits B for achieving the
According to the SUS principle, if{ is not large enough, highest capacity under 5 ms feedback delay. The SU MODE
there is a chance that we cannot suppaftusers under the associated withl/ = 1 has to be used in the low-SNR region
SUS principle, with a predefinetf . Hence a slightly modified below -5dB and in part of the medium-to-high SNR region
SUS-algorithm may be proposed, where we sort Ifﬂﬁlgl where the number of feedback bits is lower than 6 bits. By

values in a decreasing order and then the BS may opt fgnirast, predominantly/ = 2 has to be used in the medium-
discarding a certain fraction, for example the first half tes t SNR region between 0dB and 30dB, when the number of
users in each iteration. This fraction may be deemed to BEantization bits is higher tha® = 4 bits and lower than
another design parameter in SUS. Since the theoreticalfarmB = 11. High rank transmissions\{’ > 3) are not beneficial

is hard to derive under the imperfect and outdated CSIT, W8til the SNR becomes sufficiently high and simultaneously,

will present the simulation results in the following seatio ~the number of quantization bits is sufficiently high, namely
for SNR > 15dB, B > 10. Full-rank transmissions\{ = 4)

were never found to be beneficial in our investigations fer th
garameters considered.

rFig. 2 shows the associated parameter regions for different
. X ) X o normalized Doppler frequencies under 5 ms feedback delays.
h.'gh?stt. possible ergodic c?hpg:[cny_w:h m:jp(terr]fecé CSII.T' um ? Higher F' implies that the channel coefficient vector fluctuates
simuiations, we assume ¢ = 2 an € duration ot 5¢ rapidly. Hence, the correlation coefficientwill be

.the3tg‘;’”l$;'°” fri”fﬁ Is 1;’;; ""j"‘ig ;o2 pk')ral“ca' ‘éalt‘]e reduced. Note the SU MODE will benefit in th&N R <
n , €ach frame - Symbols an € _5dB region andM = 2 will result in an increased capacity

carrier frequency ig. = 2GHz. We consider &ms delayed at SNR > 0dB region, when we seB = 9 and F < 0.04.

feedback link, which is a typical value used in 3GPP LTE. When F' becomes bigger, the SU MODE has to be used even
when SNR > 10dB when F' > 0.085.

Let us verify the approximate ergodic capacity results of
Section Il in Fig. 3. Observe that the approximate formula o
Eq. (16) is quite accurate in the low-to-medium SNR range,
say for -10dB to 15dB. By contrast, there is a gap between
the approximate capacity and the simulation results for SNR
in the region of 15dB to 30dB for the MU MODE, where the
approximate capacity becomes a lower bound. This is because
the approximation introduced in Eq.(7) and Eq. (20).

Fig. 4 compares the ergodic capacity for different trans-
mission strategies. In the low-SNR region, i.e. 8N R <
Fig. 1. The optimal number of active uset$ at a given SNR and number 0dB, adaptive-rank transmissions may have the same ergodic

of feedback bits B for achieving the highest capacity unterRUS principle, . . . . .
and for L =2 andw =10 kmy/s. 9 9 pacily princip capacity as SU transmission. The ergodic capacity of agapti

IV. SIMULATION RESULTS

In this section, we investigate the beneficial paramet
regions for different values of\/ in order to achieve the

10
SNR (dB)
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Fig. 3. Simulation results and approximate ergodic capaat SNR results % % o
under the RUS for different number of active uséis for L = 2, B =9, ke A E °
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(b) Different K, L =10, Nb =9 andd =5

Fig. 5. The beneficial regions of supporting different numtfeactive users
M with a realistically estimated channel, channel quantmatnd feedback
delay under the modified SUS principle

15 20 25 30

10
SNR (dB)

Fig. 4. The ergodic capacity vs. SNR performance using adapnk simulation I’esults, we concluded that full-rank transimisslo

transmissions, compared to the SU transmission and fuk-teansmission, not achieve the highest rates. However, for sufficientlyhhig

wherel, = 2, v = 10km/s andd = 5 ms are developed. values of K and B, full-rank transmissions combined with
our SUS regime may become beneficial. Also, the proposed
adaptive-rank transmission strategy is capable of aahjevi

rank transmission is expected to be higher than that Bigher ergodic capacity comparing to the SU transmissiah an

SU transmission and that of full-rank transmissions in thgll-rank transmission.

medium-high SNR region.
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