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Abstract—A MIMO diversity scheme that utilizes varying The value of limited feedback in point-to-point MIMO
amounts of channel state information (CSI) for mobile usersis  systems has been widely studied in the literature [8]-[10],
presented. CSI at the transmitter is obtained through a time generally this work assumes that the feedback is obtained

duplexed feedback channel, and thus by varying the periodity . . .
of feedback intervals, an optimal balance is struck between through a finite-rate independent channel. In this paper we

obtaining accurate CSI and minimizing the overhead of uplik ~Characterize the value of limited feedback in a point-tsapo
transmission. The optimal feedback amount is shown to have MIMO system where a Base Station (BS) is transmitting a
a strong dependence on the user's average SNR and Dopplerfixed rate to a user with varying mobility, e.g. stationary,
spread. The proposed solution optimally switches betweeneam-  ,aqastrian, vehicular. The transmit objective is to miaieni

Logg?;gﬁjl: r:gsso r;?oggr?;lmiﬁggeV&ltrﬁeregllooecckt gocrm?e aggmlglaésx the probability of error through either a closed—lo_op schem
optimal schemes. such as beamforming, or an open-loop scheme like OSTBC.
For the closed-loop scheme, CSIT is obtained through a time-
duplexed feedback channel.

In this work two main ideas are presented:

1) An analytical bound on the optimal rate of CSI updates
is found for a mobile user with a fixed rate constraint. This

Current and future wireless technologies are required #@alysis shows how the optimal rate of CSI updates will have
support high-data rate applications with stringent Quadt a strong dependence on the mobility profile of the user and
Service (QoS) constraints. Applications such as VoIP aggh its SNR.
streaming audio/video require a reliable connection tkpee  2) A scheme is proposed that attains nearly identical error
riences limited Outage. In MetrOpOIitan Area Networks (M)A\Nperformance to an 0pt|ma| scheme [6] with reduced com-
such as WiMAX, users are expected to have widely varyiexity. The proposed scheme chooses either beamforming or
ing channel conditions and mobilities that cause deep fad8§TBC based on mobility and average SNR, while optimally
and make reliable transmission difficult. Diversity teaums varying CSIT updates. Through a mix of simulation and
combat fading by having redundant information sent in timgnalysis, we show both schemes offer the same performance.
frequency, and/or spatial dimensions. The organization of the paper is as follows: Section I

Different diversity techniques have been proposed for-pofyrmalizes the system model for the proposed scenario, in
to-point MIMO communications [1]-[3]. If perfect Channelgection 111 we present a theoretical analysis of OSTBC and
State Information at the Transmitter (CSIT) is present, th:%amforming’ and derive a bound on the optimal amount of
optimal transmit scheme to minimize probability of error iseedback, in Section IV we propose a simple transmission
to apply beamforming in the input singular vector assodiatgcheme derived from Section Ill. Finally, in Section V we

to the largest singular value of the channel [4]. If CSIT igresent simulation results supporting the validity of thede
unknown, an Orthogonal Space-Time Block Coding (OSTBGksumed.

scheme can be employed [5]. In [6] Jongren proposed a
scheme that computes the optimal linear combination betwee
beamforming and OSTBC based on the quality of the channel
estimate. While an optimal scheme, for a fast moving channelConsider a point-to-point MIMO system as shown in Figure
this scheme would become prohibitively complex since fdr, where the transmitter and receiver ha¥ér and Mg
each transmitted symbol a convex optimization problem musttennas, respectively. The channel maHixhas dimension
be solved. As intuition suggests, with additional informaf A7z x Mr. The individual complex channel gairs; follow
beamforming outperforms OSTBC by achieving an array gaia,zero-mean complex Gaussian distribution with variasge
but requires a costly feedback mechanism to obtain chanm@le data symbol§ are coded via an OSTBC encoder, and the
knowledge [7]. coded symbols are given &of size M1 x R, whereR is the

o _ time duration of one block. The coded symbols pass through a
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Barrie de la Maza Graduate Scholarship. The work of Aydin Sezgin idinear transformatioW [6] and are sent through the channel
supported by the Deutsche Forschungsgemeinschaft (DFG). H. At the receiver, the received symbols are corrupted with
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Fig. 1. Point-to-point MIMO system. Fig. 2. Evolution of the correlation coefficient between @8I and the

actual channel.

noiseN of size Mg x R. The noise is assumed to be i.i.d. zero-

. g . ) channel,p(r) = Elhi;(7)h:;]/o?, where the value of(r)
mean complex Gaussian noise with covariance mal;%]lkMR. J Y .
With this model, the received sign¥lhas dimensiod/r x R depends strongly on the time required to feedback the CSl

e and on doppler frequency. Therefore, the channel estinsate i
and is given by modeled as

Y = HWC +N 1) H(7) = p(1)Ho + /1= p(7)?Hu(7) (4)

The received signal is decoded with an optimal MaximunwhereH, andH,,(7) are the actual channel and a spatially
Likelihood (ML) detector. CSl is assumed to be known pewhite estimation error, respectively. To clarify the model
fectly at the receiver, and fed back via a TDD scheme tigure 2 shows an example of the evolution of the correlation
the transmitter. Thus, the total transmission time is didid coefficient between the C$1(r) and the actual channeél,,.
between an uplink period of length. and a downlink period Additionally, the transmitter is assumed to know the loag¥t
toL. We define the feedback fractighas the fraction of UL channel statistics.
transmission time to the total transmission time:

IIl. ANALYSIS

8= ot 2) o . .

" tul +toL The objective is to minimize average probability of error
P, for a fixed rate application by varying the rate of CSIT
updates. In this section we will upper bound the probability
of error obtained by the scheme in [6] with the minimum of the
probability of error of the two basic diversity schemes:veai
; : beamforming and OSTBC. Here we define naive beamforming
The downlink has to support a fixed average rdig. gs the scheme that assumes (often incorrectly) that the CSIT

regardless of the channel time used for the uplink. This @n tect. and theref i its t itted sianah e
achieved by coding/constellation adaptation on the dawn(i 'S PErect, and theretore aigns 1s transmitied sign
put singular vector associated to the largest singularevaf

transmission. For simplicity we will assume uncoded QAV\gl h | estimate. To k the tractability of th bl
transmission, though the results can be extrapolated tecto € channel estimate. [o keep ne tractabiity ot the prable
we will consider in this section &/ x 1 MISO system with

systems. If we definéVy, as the nominal constellation size . }
y 0 Rayleigh fading.

required to meet the rate requiremd®$. wheng = 0, i.e. _ : . .
when there is no UL feedback, then, for< 8 < 1, the In this scenario there exists an optimal feedback percentag
X X X 1 L X 1 Opt - - . _ D .
increased QAM constellation siz&¥ required to compensateﬁ . to minimize %. To understand the trade offm.cc.)n.smer

a high s that ensures nearly perfect CSIT, and minimizes any

for the lost DL time during feedback i& = Nol/(l_ﬁ). Ad- 2 ) .
" . o misalignment during beamforming, and therefore reduées
ditionally for a QAM constellation we have that the m|n|murr]_| : . X
distance between transmitted symbols is owever, a highs requires excessive CSIT updates through a
feedback channel that cannibalizes the useful DL time
2. = 3 3 3 For a fixed rate application, any reduction ig_ implies
min T N1 T NY/A=8) _ 7 ®) a necessary increase in the constellation size/coding rate
) 0 ] and thus a degradation in the error performance for fixed
The transmitter has a delayed estimate of the channel that, ywidth and power constraints.
decorrelates from the true channel value. For the channek o probability of error for the OSTBC scheme for a fixed

variation in time we will consider Jakes model [11], that is, averaged over all the transmission symbols can be upper
the channel correlation function is given by the zero-ordgl nded by the union of events bound as

Bessel function of the first king(7) = J,(27fp7) where
[p is the doppler spread of the channel, ands the time
delay. The estimated channldl is correlated with the actual

In our model, CSI is perfectly described bits by
quantizing each complex terrh;; to «/(MrMpg) bits and
fed back to the transmitter at a constant rdatg., thus
tuL = o/ RyL is constant.

rostoe < mo{\albE}  ®



where N, represents the average number of neighborNote that this bound reduces to the one proposed in [12]
points/codewords and,,;, is the minimum distance of the for M = 1. Since this inequality holds for ajlh||,

constellation/coding scheme; = E;/o% is the average
received SNR on a single receive antenna. For ease of notatio N
we introducek = nd?,;,/2. By applying the Chernoff- PPE < —2 By, [exp{—kp|/h[|*} -
bound and using thay/2||h| is a x-distributed random vari- 2 B I (—k3lhIR
able, we obtain the following upper-bound dpfS75¢ = ~ it o (=kplIhIh D]
OSTBC N, M _

By [PO5TPC) (4 < %o exo{ P (o - 1) }]

_ N, E\ M < M

OSTBC e
Y (1 * M) ' © = (1 + pk — ﬁQkQ%) (11)

Note thatP9STBC is not a function of the quality of the _
channel state information at the transmitter (given in oadet Where for_the last equality we have used that the random
by p) since OSTBC does not require CSIT. variablev/2||h|| is x-_dlstrlbuted with 2M degre(_as of freedom.
On the other hand, the probability of error for a naive Breh_ler_showed in [14] Fr_‘at the asymptotic gap t_)etween
beamforming scheme with imperfect channel knowledge cifie pairwise error probability with coherent detection and
be obtained from the channel model given in Section I1. {8 Chernoff bound is a constant function of the number of

order to get a closed-form expression, this probability &intennas. Moreover, the gap vanishes for large number of
error is upper-bounded by the union of events bound affteénnas and the expressions (6) and (11) are asymppticall
subsequently by Chernoff-bound as tight for high SNR,p — 1, and increasing number of antennas.

By equating (6) and (11) we obtain an approximate closed
expression for the ideal switching point® between both

PBF < N,Q { 2k(h, ﬁ>} schemes.
N, A
< Sexp{—k(h,h) v ik (ME
Ne p = Mk (12)

= —rexp{~k (pllh|* +p(h,hu)) ) (@) 2

] . ) Since the two upper bounds may not intersect in the same
where we defing = /1 — p?. By taking the expectation over yoint where the actual pairwise error probabilities do, we
the distributions of andh,, we obtain a bound on the averagé,ave to take this result with care. Note that because of the

probability of error asymptotically tightness of the Chernoff bound (12) turmis t
B be a good approximation for high SNR and large number of
= N, _ transmit antennas, jf* is close tol. It can be expected that the
PPF < B | ZSexp{—k(p|/h||> + p(h, h,, ’ P
¢ - 2 exp{—k(p[[h[* + p(h, hw)) } approximation still holds for moderated SNRs and number of

N, ) antennas. Figure 3 shows the behavior of the approximated
= th [exp{—kp|\h|| } : with respect to the real crossing point for a set of simurkatio
En,n [exp{—kp(h,h,))}]] - (8) With My = 2, Mr = 1 and a set of different SNRs. We

can see how the gap between the actual average probability of

We decompose the inner product af,h,) = error and the bounds obtained in the previous section deesea

[Ih[l]Ih. [|coga). Using that the individual entries of the vecyii the SNR, and the approximation approaches the actual
tors h and h,, are independent complex gaussian rando

X . ) : E?ossing point. Note that the general behavior of the agttial
varl_abl_es with unit variance, botk/'2||h|| and v/2|h,,| are is well approximated by (12).
x-distributed with 2\/ degrees of freedom, and the angle | .o previous analysis we obtained that for p* naive
between both vectors follows a U (—, 7): beamforming performs better than a simple OSTBC scheme.
This gives us a lower bound for the amount of needed feedback

Eh,n [exp{—kp(h,hy)}] in order to use naive beamforming instead of OSTBC. To
— Ejn | [Ea [exp{—kp||h]|[n[lcog @) }]] obtain some improvement the CSIT update rate has to be
¢ _ high enough to guarantee > p*. From (2), by assuming
= Ejjn,, i o (=kpllh][[[he [1)] 9) - : -
L the worst case correlation (at the end of the downlink p@riod
wherel, is the modified Bessel function of first kind. p = Jo(27 fptpL), the optimal feedback duratigif? is lower
By taking M = 1 and expanding the averagebounded by
Ejn,, | Ho (=kpl[h[[|Ih,[])] the resulting expression can be
written as a Marcum Q-function and thus can be bounded gort > 27 fptuL (13)

by [12] exp{1/4(kp||h|[)?}. By deriving a similar bound for
general M [13] we obtain a bound tight fgr— 0:

21 fptuL + Jo H(p*)’

While the J, is not strictly invertible for allp*, it is for

Eyn, | Lo (—kpl|hl|[he]])] < exp{%(l@ﬁHhH)Q}. (10) p* > 0.5 and therefore is a well-defined expression for all
reasonable) andd,,;, .
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‘ The performance of this very simple scheme will be com-
¢ e ee e s e e el 08 pared in Section V to the optimal linear precoding, OSTBC
and naive beamforming schemes.

Analytical p'
T T

Fig. 3. Comparison between the analytical expression mddafor p and
the actual crossing point OSTBC and beamforming curves. V. SIMULATION RESULTS

In this section, two main results are presented. First, the
behavior of the optimal feedback time fractiofi*® is shown
_ ) ~as the user’'s mobility changes for different SNRs. Secagndly

In the previous section we showed how the feedback is orlyir scheme is compared with the performance of the scheme
useful for the naive beamforming scheme when p*, where i, [6] and the static diversity schemes of beamforming and
p* can be approximated by (12). OSTRBC.

If we examine the values gi* for this setup, we can see  pyring the theoretical analysis developed in Section Il
that they are over 0.75 for the SNR=5dB and even higher fgls ysed a simplified model where the optimal scheme was
the remaining SNRs. Analyzing the behavior of the schemgproximated by two simple transmission schemes: OSTBC
presented in [6] for these system parameters, we realize thag naive beamforming. Moreover, worst case correlation at
the scheme is working in its asymptotic regime for this valuge end of the block was assumed to establish the lower bound
of p and thus behaving as a pure beamforming scheme. Thagig, g« (13). In the simulation we will consider the original
for this level of channel quality, the optimal scheme is hearsystem described in Section Il where each individual space-
identical to simply using the naive beamforming scheme. time symbolC is prefiltered by the optimal scheme of [6]

Based on this observation, we propose a simplified schefa each correlation value during the downlink period. The
for our fixed rate communication system. The idea of thisarameters of the simulation are presented in Table I.
scheme is presented in Figure 4. In scenario-l, the channekigyre 5 shows how the optimal amount of feedback fraction
is completely static ang equalsl, the optimal scheme is goptyaries with the doppler spread and thus with the mobility

beamforming. As the user's mobility increases in scentirio-profile of the user. We can observe that the theoretical tresul
the channel estimate starts to decorrelate from the trueeyalypiained in Section Il matches the behaviour of the more

and more feedback is required, i8°! increases enough to
guarantee that naive beamforming outperforms the OSTBC
modulation. At a critical speed, the channel estimate h
decorrelated beyond use as< p* and the optimal scheme is ' . Simulation for SNR=15d8

IV. PROPOSEDSCHEME
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presented in Section IV performs nearly identically to the
optimal solution in [6], and outperforms the static beam-
forming and OSTBC schemes. As we commented in Section
IV, the optimal linear precoding scheme offers no important
improvement with respect to the simplified scheme because
at 3°"* the optimal linear precoding is working close to its
asymptotic regime, and thus can be readily approximated by
its asymptotic behaviour: beamforming and OSTBC.

VI. CONCLUSIONS

In this paper, the value of the feedback was investigated for
point-to-point MIMO fixed-rate scenario. The optimal ambun
of feedback was shown to be a strong function of the user’s
mobility and average SNR. Thus, to minimize probability
of error, a transmitter should evaluate both user’s mgbilit
and average SNR to determine the appropriate feedback and

fy Hz]

diversity scheme. Additionally, a simple switching schemnas

Fig. 6. Minimum probability of error for the different sches

presented that chooses between OSTBC and Beamforming
and controls the frequency of feedback depending on the user

mobility profile. Under the scenario of point-to-point fixeate

complex simulated system model. To maintain the tractsbili
of the problem, the changes of minimum distance of t %]
constellation were not taken into account in the theorktica™
analysis, and therefore the dropping behaviour of the curve
has not been characterized.

For a fixed SNR, the figure shows two regions as a functioH]
of fp: an increasing3°® followed by a3°" falling to zero.
Both of these regions have an intuitive meaning. The amouf
of feedback required to minimiz&; initially increases with
the velocity of the user, as more frequent channel estinzates [3]
needed. However, at a critical speed, i.e. the inflectiomtpoi
the penalty on probability of error imposed by the increasegh
constellation size cancels the benefit of beamforming, and
therefore OSTBC is used. 5]

At first it may seem surprising that for a fixed doppler spread
the amount of useful feedback increases with the SNR. An
intuitive explanation comes from the fact that for high SNR®!
only high quality CSI is useful, since the beamformer has to
be perfectly aligned with the largest mode of the channéi: Ot [7]
erwise, the cost (in terms of increased probability of ecoe
to reduced minimum distance between constellation poists) [g]
larger than the improvement obtained by beamforming. Note
that we could have derived this behavior from equation (12):
if the SNR7 — oo we have thap* — 1 and the slope of the [qg]
feedback fraction approaches.

If we look at the dropping point of the optimal feedback
fraction 5°° as a function of the SNR, we can see that the
feedback helps fast moving users with low SNR. On the other
hand, users with high SNR use the OSTBC scheme alread);l&]c
moderate speeds not requiring any feedback. The explanaim)
of this behaviour is closely related to the higher qualityC&|
required for users with better SNR. Since users with higher
SNR require more feedback updates to obtain the requineg
quality of CSl, they exceed the limit on the channel resosirce
at lower speeds than low SNR users. [14

Finally Figure 6 shows the performance comparison of
different schemes. We can see how the simplified scheme

.communication the proposed scheme has a negligible loss of
erformance with respect to the optimal scheme proposed in
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