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Abstract—Analytical studies on the potential capacity of MIMO fect channel estimates from that of imperfect feedbackgier S
systems inspire the development of new algorithms that deo®  tion II, we focus on the performance of adaptive modulation
pose the MIMO channel into independent subchannels and adap ,ging channel estimates from training sequences whilevassu

tively control power and modulation level on these subchanels. . fect feedback path f th h to t itte
Current research of adaptive modulation applying to MIMO sys- Ing a perfect teedback path from the receiver {o transmiter

tems assumes perfect channel knowledge at the receiver ardeal  Section 1ll, assuming perfectly known channel knowledge at
feedback from receiver to transmitter. In this paper, the impact the receiver, we investigate the effect of feedback quatitin

of imperfect channel knowledge and feedback quantizationreor  error where the achievable performance of quantizatiors-is a
on adaptive modulation in MIMO systems are investigated. We sessed by rate-distortion theory [8]. In our work, we restri

evaluate the system BERs with channel estimates from traing .
sequences. Rate-distortion theory is involved to assessethchiev- the modulation schemes to BPSK, QPSK, 16-square QAM and

able performance of feedback quantization. Our simulationre- 64-square QAM.
sults show that, for a (4,4) MIMO system in a rich scattering &-

vironment and BER 102 level, compared to the case of perfectly
known channel, 3 bits/vector symbol degradation in spectriaeffi- Il. EFFECT OFIMPERFECTCHANNEL ESTIMATES

ciency occurs for a training length equal to four times the number Consider a MIMO link withN, transmitting andV,. receiv-
of transmitter antennas. The results also show that it is suicient ing antennas, and the received signal at tirige

to use 22 quantization bits per channel gain for feedback in §4,4)
system at BER1073.
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I. INTRODUCTION n;

Analytical studies on multiple-input multiple-outputyhereg; is the transmitted vector symbol with power constraint
(MIMO) Shannon capacity maximization for continuous inpupS, H is theN, x N, quasi-static channel matrix of the desired
signals suggest that, if both the transmitter and recei@@eh ,ser, andn; is the interference plus noise vector. We assume
perfect knowledge of the channel gain matrix and interfeeentnt interference comes frofmtransmitters which could belong
statistics, we can decouple the MIMO channelinto independg one or more interferers. The total interference powe?;is
subchannels and apply optimum water-filling on these subchane 7, x 1 matrix H ; consists of quasi-static interfering users’
nels [1][2], i.e., we allocate more power to subchannel$iwithannel gains,; consists of. independent zero-mean interfer-
high channel gains. However, for finite alphabet input signaing signals each with unit variance, aag is the zero-mean ad-
we need to apply not only power allocation, but also othgfitive white Gaussian noise vector with covariance matfi.
techniques, including varying the size of signal constielfes. Note that each interfering transmitter has the same tratesini
Thatis, for good subchannels, we allocate more power and ygfver. It can be shown that the covariance matrix of interfer
higher-level modulation. We refer joint adaptation of powegnce plus noise i® = pI/LHIH} + 021,
and modulation level as adaptive modulation. For a training length ofV, denote the transmitted training

Adaptive modulation for MIMO systems maximizing infor-yector symbols ag, ... , zx and the received vector signals
mation rate has been considered in [3]-[7] assuming perfe@,, . .. The maximum-likelihood (ML) estimates of

channel knowledge at both the transmitter and receiver. #fe desired user's channel matrix and the spatial intartere
practical systems, the channel transfer matrix and intemtee  correlation matrixF and R, can be expressed as [9]
statistics are estimated by the receiver; hence perfectneha

knowledge may not be obtainable. On the other hand, to en- H=R! R,

able adaptive modulation, the receiver has to feed channel i

formation back to the transmitter in frequency division dxp and

(FDD) systems. In practical systems, due to limited bantiwid . .

of the feedback channel, low-resolution quantized chaimel R=R, -HR,,

formation is obtained at the transmitter [8]. In this papeiap-

tive modulation with imperfect channel knowledge at traitsm Where the sample correlation matricRg, = N Zivzf)l vyl
ter and receiver is described. To separate the impact ofrimp®,., = % Zf.vz’ol ccl-yT, andR,, = + fV:’Ol cczcc;f
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Assuming a perfect feedback path from the receiver to trareach with variance? = 1/2. Assume thatV, bits are used to
mitter, adaptive modulation with channel estimaldsand R vector-quantize th@ N, N, elements ofH. Letting H be the
is shown in Fig. 1. The pre- and post-processing matiduantizedH, we consider vector quantization that minimizes

ces, obtained via singular value decompositiod®of '~ Ff — mean squared error [8]

AV, try to decompose the MIMO channel into subchannels L NN i
with channel estimates. The vector signal to be conveygd, o2 = SN Y>> Y E {(Hijk — Hyji,)?
has independent components. For a predefined target BER, the T i=1 j=1 ke {realimag

power and modulation level of each signakinare determined .

from the diagonal matriA by an adaptive modulation a|go_whereHi~jk andH,;;, denote the real-valued elements of matrix
rithm used for OFDM systems [10]. To detect the transmitteld and H, respectively. Since the real and imaginary com-
signals, the receiver scales the appropriate consteikaliy the ponents inH are i.i.d. Gaussian, the mean squared error can
power coefficients from the adaptive modulation algorithrd a be lower-bounded by the corresponding distortion-ratetion

the elements ir. [11],i.e.,
Monte Carlo simulation is used to evaluate the effect of im- ) ) o on
perfect channel estimates for different training lengtis.con- 0. > D(Ry) = 052 “" = 52_ a (1)

sider the desired user has a (4,4) antenna array.aad inter-
fering transmitters. Both the desired and interfering sigge  WhereRy = N,/(2N,.N;) is the number of descriptive bits per
assumed to experience i.i.d. Rayleigh fading. We set the f§2al component ofd. For a fixedR,, this lower bound can be
tal interference poweP; = 1 and interference-to-noise powerdPproached arbitrarily closely asv,. NV; goes to infinity. For a
ratio INR=20dB. Due to the imperfect channel knowledge, théry large2 N, Vy, this lower bound is achieved when the quan-
actual achieved BER is lower than the target BER. After efization errore = H — H is a zero-mean complex Gaussian
periments, it is found that to make the actual BERIbe? at random matrix, independent &f, with i.i.d. real and imagi-
SIR=15dB for training length6N; and4NV;, we have to set the Nary parts each having varian¥ i, ). More specifically, for
target BERSs to b& x 10~6 and10~8, respectively. €ijk = Hije — Hiji, the lower bound of quantization error is
Fig. 2 shows the spectral efficiency for adaptive modulatiachieved whern;; ~ N (0, D(R,)) and H;;;, is independent
with channel estimates where the actual BERs achl&vé. of ¢;.. It is obvious thatfl;;; ~ N(0,0% — D(R,)). It can
As expected, the throughput improves as channel estimates $iso be shown thald . andflijk are jointly Gaussian random
come more accurate. Compared to the case of perfectly knoydtiables with covariance COM 1., Hiji) = 0 — D(R,).
channels, for a fixed SIR, about 3 bits/vector symbol degrada For the adaptive modulation with quantized feedback, the
tion occurs with training lengthV;. transmitter determines the the pre-processing matrix dag-a
The spectral efficiency shown in Fig. 2 does not take thge modulation according to the quantized channel matrix;
training overhead into account. Although a longer traininghile the receiver uses the perfect known channel matriseto d
length yields a higher throughput for data transmissiomoger termine the post-processing matrix and demodulation e si
it requires more overhead. To assess the overall spectral gf5|.
ciency, we assume that the data is transmitted frame by framemonte Carlo simulation is used to evaluate the effect of feed
and thatthe channelis estimated at the beginning of eastefra hack quantization on the performance of adaptive moduiatio
For example, at SIR 15 dB, Fig. 2 shows that for trainingo simulate matrice& andH, i.i.d. pairs of(Hijk,f[ijk)J =
lengths4N; and6.N;, we can transmit 10 bits/vector symbol, ... N, j=1,... N, ke {real,imag are generated. For
and 11 bits/vector symbol, respectively. With = 4 transmit-  each pairH; x and H, ;& are jointly real Gaussian with
ting antennas and a frame length, the amount of information
transmitted in one frame can be calculated®s— 4 x N;) x 10 ( Hiji, > N (0 [ 0.5 0.5 — D(R,) D
bits and(M — 6 x N;) x 11 bits for training lengthg.N; and Hijk "1 0.5—D(R;) 0.5—D(Ry)
6V;, respectively. It can be shown that if the frame length is

more than 104 vector symbols, it is worth using training téng _ ) . _
6NN, whereD(R,) is obtained from the analysis leading to (1).

We consider g4,4) MIMO system with SNR 15 dB. Fig.
3 shows the upper bound of BER performance (best possible
Ill. EFFECT OFFEEDBACK QUANTIZATION BER) versus the number of quantization bits with target BER
In practice, transmitter and receiver may not have the sart@& 2. In Fig. 3, we observe that the BER improves significantly
channel information due to feedback quantization errorefo as the number of quantization bits increases, and eveyntuall
able the analysis of quantization error, we assume perfect-c reaches the target BER. We observe that 22 bits/complex chan
nel knowledge at the receiver. A noise-limited environmemiel gain should be used for the feedback quantization. Hence
with negligible interference and spatially white Gaussiaise fora(4,4) MIMO link, with target BER=10~2 and SNR=15dB,
is considered. Independent Rayleigh fading is assumedhéor tve need22 x 16 = 352 bits to quantize the channel ma-
desired user where channel mati#k has N, V; i.i.d. zero- trix. Since the receiver has four antennas, ignoring chianne
mean circularly symmetric complex Gaussian components witoding and assuming that each antenna uses QPSK, we need
unit variance. Equivalently, with real and imaginary paftf  352/(4 x 2) = 44 vector symbols for the feedback of channel
has2N, N, i.i.d. zero-mean real Gaussian random variablesatrix.
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Fig. 1. Adaptive modulation with imperfect channel estiesat
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To see how much overhead is required due to the feedback of SRE
channel matrix, we consider a system operating at a carder fFig. 2. Number of bits transmitted per vector symbol versig&s8r imperfect
quency of 1.9 GHz and symbol rate 24.3 ksymbol/secin a ba %r;)nel estimates with'y = N, = 4 andL = 5. The actual achieved BER is
width of 30 kHz [12]. If the mobile is moving at = 5 m/sec '
(18 km/hour), the maximum Doppler shift, = v/\ = 31.7
Hz where) is the wavelength at the carrier frequency. The nor-
malized Doppler spread,, /symbol rate= 0.13%, which can
also be interpreted as the ratio of symbol duration to chlanne
coherence time. Assuming that the frame length is 200 vector
symbols (the assumption of quasi-static channel holdsdor n
malized Doppler spread 0.13%), for the 4) MIMO link and
target BER10~3 discussed above, the overhead for feedback is
44/200 = 22%.

Bit Error Rate

IV. CONCLUSIONS

In this paper, we have investigated the effects of imperfect 107 ‘ ‘ ‘ ‘ ‘
channel estimates and feedback quantization error oniadapt ° 2R, (qlantization Bis/complex channel gain)
modulation for MIMO systems. In studying the effect of im-
perfect channel estimates, we assumed a perfect feedbtick R 3 Average BER versus ihe number of quantization bifeefiback with
from receiver to transmitter. Compared to the case of piyfec = Nr =4, SNR=1508 andtarget BER)
known channels, for &, 4) MIMO system and a rich scatter-

ing environment, 3 bits/vector symbol degradation in spéct _ , o
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