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Abstract The accuracy of channel state information (CSI) available at a base station (BS) has a direct impact
on the performance of precoding in wideband multi-user multiple input, multiple output-orthogonal frequency
division multiplexing (MIMO-OFDM) systems and depends on many factors, including: the delay between
estimation and beamforming at the BS (also called the CSI delay), Doppler spread, the channel estimation
method used, the average transmit power of pilot symbols, and the average number of pilot symbols that must
be estimated per channel parameter. In this paper, the coefficient of CSI error needed to adapt to fading
channels is modeled as a function of Doppler spread, CSI delay, and signal-to-noise ratio (SNR). In terms of
the Gaussian-Markov CSI error model, an adaptive robust maximum signal-to-leakage-and-noise ratio (Max-
SLNR) precoder is designed to track the statistical parameters of CSI error. The Doppler spread and SNR
can be obtained through real-time estimation based on orthogonal pilot patterns. Simulation results show that,
compared to non-adaptive robust and non-robust precoders of Max-SLNR, the proposed adaptive robust Max-
SLNR precoder performs much better in terms of bit error rate (BER). Moreover, as either the average number
of training symbols per channel parameter or the average transmit power increases, the BER performance of
the proposed precoder approaches that of a precoder with ideal CSI.
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1 Introduction

Owing to its high-spectral efficiency, multiuser multiple input, multiple output-orthogonal frequency
division multiplexing (MIMO-OFDM) has been adopted by fourth generation (4G) mobile communication
standards such as LTE-advanced and is expected to remain a strong potential technology for use in
beyond-4G (5G) mobile networks and the future-generation WLAN standards [1-7]. The key problem in
MU-MIMO-OFDM systems is how to effectively control and compress interference among users in order
to achieve a high sum-rate or reliable information transmission [3]. To solve this problem, several transmit
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beamforming methods have been developed, including, among others: zero forcing (ZF); maximum signal-
to-leakage-and-noise ratio (Max-SLNR) [7]; minimum mean square; error (MMSE) [8]; and singular
value decomposition [9]. However, to implement these schemes, the transmitter must first have the
channel state information (CSI). CSI can be obtained either through reverse channel estimation (in the
time-division-duplex (TDD) model) or through feedback (in frequency-division-duplex (FDD) model).
Because there is noise and fading in wireless channels, there always exists uncertainty or error in the
estimated CSI, usually resulting from feedback delay, quantization error, or Gaussian estimation error.
Because the performance of a system will be influenced by channel uncertainty, it is very useful to
design robust precoding algorithms to avoid mismatched CSI. Several studies in the literature focus on
using the zero forcing (ZF) criterion in order to develop robust beamforming algorithms that can be
implemented at either the transmitter or receiver. In [10], the authors derive an expression for sum-
rate based on ZF precoding assuming that there is imperfect CSI. They derive a robust factor that can
convert the problem of robust multiuser MIMO scheduling into a traditional problem. By using this
robust factor, global and local optimal scheduling schemes are obtained via different iterative algorithms.
In [11,12], the influences of imperfect CSI on bit error rate (BER) performance are investigated in the
context of receiver ZF beamforming. A novel BER expression that takes imperfect CSI into account
is derived for an M-QAM (quadrature amplitude modulation) signal in a TDD downlink MU-MIMO
system using a ZF precoder, and BER performance is analyzed under different modulation schemes.
Simulations have shown that, in time varying channels, CSI delay causes more performance degradation
than channel estimation error at high signal to noise ratios (SNRs). Ref. [12] modeled the estimation error
as independent complex Gaussian random variables in order to derive closed-form tight approximations
for both the post-processing SNR distribution and BER for MIMO ZF receivers with M-QAM and M-
PSK (phase shift keying) modulated signals in the presence of channel estimation error. Taking error
variance from imperfect CSI into account, Refs. [8,13] designed two robust precoders: Max-SLNR and
MMSE, respectively. Using the concept of SLNR, Refs. [14,15] were able to maximize the average received
signal power and ensure that leakage power was larger than a pre-specified threshold; by doing so, the
non-convex optimization problem could easily be reformulated as a convex deterministic problem based
on the expected values of the leakage power. In [16], the authors discuss the design of a statistically
robust beamforming scheme through the maximization of the conditional expectation of the SLNR and
the incorporation of a matched-filter combining vector into the beamformer design. In addition, several
robust precoders based on differing criteria in order to improve the robustness of systems have been
proposed, such as those in [17-21].

Because of the time-varying property of fading channels, channel estimation error has time-varying
(i.e., not fixed) statistical moments in its variance or in its covariance matrix. In the studies above, the
covariance matrix or the variance of the channel estimation error was usually assumed to be fixed, which
is not true in actual fading channels. To track the uncertainty of estimated CSI error in a fading channel,
it is very important to construct an adaptive robust precoder that can follow changes in the channel.
In this study, the Max-SLNR criterion is used to design an adaptive robust precoder that can adapt to
varying channel. Through a real-time estimation of Doppler spread and SNR on pilot grids, we are able
to periodically update the beamforming matrices for each user at a BS.

This paper is organized as follows. In Section 2, the system model for a wideband multi-user MIMO-
OFDM system is presented. In Section 3, an adaptive robust Max-SLNR precoder is proposed and
designed, and Section 4 discusses a method for adaptively estimating the coefficients of a CSI error
model. Numerical results and analysis are given in Section 5, and the final section concludes the paper.

Notations: throughout the paper, matrices, vectors, and scalars are denoted by bold upper case, bold
lower case, and lower case lettering, respectively. The symbols (e)* and () denote matrix conjugate and
conjugate transpose, respectively. I,, denotes the n x n identity matrix, and E(e) denotes the expectation
operator.

2 System model
The diagram block of a wide-band MU-MIMO-OFDM discrete baseband system is shown in Figure 1.
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Figure 1 Diagram block of wide-band MU-MIMO-OFDM system.

In this system, the BS employs J transmit antennas, the number of users is K (with each user terminal
equipped with one receive antenna), the total number of subcarriers is N, and the length of the cyclic
prefix is L. The mth received symbol for user k at time instant ¢67", where 67 denotes the sampling
period equal to 1/B, is given as follows:

L J K L J
=SSN mp -0+ > SIS TR @ap; (- D) o (1) (1)

1=0 j=1 k'=1, k'#k 1=0 j=1

where z7’ (t) denotes the sample taken at time ¢ of the transmit signal of the mth symbol transmitted
from antenna j to user k, Ay} (¢) is the corresponding time-domain channel impulse response (CIR), and
v (t) is the additive white Gau551an noise with zero mean and variance 0. The first and second terms
on the right-hand side of (1) are the desired signal and the interference sum from other users, respectively.

In slow time-variant channels, inter-channel interference (ICI) can be omitted and the mth frequency-
domain receive OFDM symbol of the n subcarrier of user k can be written as follows:

K
k=1, k'#k
where 5" denotes the corresponding data symbol transmitted from the BS to user k, w;*" is the linear
precoder mapping subcarrier n of the mth data symbol for user £ to all J antennas, V" is independently
identical distribution (i.i.d) Gaussian noise with zero mean and variance o2, and G is the frequency-
domain channel matrix corresponding to the subcarrier n of the mth symbol for user k. Combining
matrices G from all subcarriers forms a large frequency-domain matrix

= [(er)™ @) (GZIN)T]T — FhyFY, (3)

where h]" is the equivalent time-domain channel matrix corresponding to the mth OFDM symbol for
user k, F' is the normalized N x N FFT matrix, and Fy = F® I;. s;'" satisfies the transmit constraint
E [sj"s)"™*] = Pr. Based on the Gaussian-Markov error model in [11], the availability of imperfect CSI
at the BS allows the estimated frequency-domain channel matrix to be modeled as [11]

G A = B + /T - (B2GT (0< B < 1), (4)
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where 3 is a constant. In practical systems, the time variance in a wireless channel causes the statistics
parameters (such as variance and the covariance matrix) of the channel estimation error to vary; therefore,
we must revise the constant error model to the following time-variant model:

G = UG 4 \J1 - (BP)PGIE (0 < B < 1), (5)

where Am is the delay (number of OFDM symbols) between channel estimation and beamforming,
é,(cmfAm)n is the imperfect frequency-domain channel matrix obtained through channel estimation at
the (m — Am)th OFDM symbol, G}*" denotes the ideal channel matrix at the m OFDM symbol, and

o represents the errors produced from channel estimation error and channel time-variance, which
is assumed to have independent complex Gaussian elements with variance o2. In (5), B is the error
model coefficient of the mth symbol for user k and the coefficient /1 — (5}*)? measures the accuracy of
CSI imperfection. Unlike in [11], the parameter 8;* in (5) is time-variant and user-variant. In the case
where 8" = 1, the transmitter can obtain a perfect CSL. In real fading wireless channels, an estimation
error always exists and the corresponding error model coefficient /3" varies with the channel environment
owing to channel-specific time and frequency selectivity as well as spatial selectivity. Thus, it is very
useful to have an adaptive robust precoder that can follow channel variance. To design an adaptive
beamformer, the values of 3;" and G,imfAm)n are first computed. Then, given these two values, G};'"
can be anticipated as the conditional expected value E{G}""|(5}", C:',imfAm)n)}, where E is the expected
value operation. Finally, using the estimated GJ'", the beamforming vector w;'" is designed.

In order to simplify the estimation and derivation of /3" below, we assume that the pilot patterns
for the various users are designed to be orthogonal, thus eliminating interference among users in the
training phrase. Prior to beamforming at the BS, all users send their respective pilot symbols to the
BS simultaneously. Because the JK L parameters must be estimated, in a wideband multi-pair two-way
network, each user needs at least L pilot grids in order to complete one-time channel estimation. In the
case where there are L transmit time-frequency pilot grids, the received pilot frequency-domain symbol
over subchannel n and antenna j of the BS can be equivalently written as

vmn . pymnoamn mn
Y= Hpsgt 4+ Vit (6)

We can readily obtain the value of GZ}” by making use of the channel reciprocity between the uplink and
the downlink. If the number of transmit time-frequency pilot grids exceeds L, then an SNR gain factor
aj can be introduced to represent the increased number of pilot grids, as will be later discussed.

3 Proposed Max-SLNR-based adaptive robust beamformer

Given the estimated channel matrix G,(CmfAm)n and 3}, the concept of leakage in [7,22] and the revised
Gaussian-Markov error model in (5) can be used to define the SLNR for subcarrier n of the mth symbol
for user k with an imperfect channel matrix as
B (g wpm)™ (@ Gpmoprspn | (g, G|
SLNRE™ (wi'™) = H PO (7
o 4B ) ) (G e | G G2

where ?ﬁc) is the extended channel matrix

=l @) @) @] ®)
excluding the matrix vector G'".
Using the generalized Rayleigh-Ritz theorem in 7], the precoder w,"™ for maximizing the SLNR can
be obtained from the eigenvector corresponding to the largest eigen-value of the matrix A"
B |G apm | (g, G|
A" = — T T (9)
F s+ E [( ) Gy e Gl "“”)}
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In accordance with the derivation in Appendix A, A} above can be further simplified as

mn
Ak

2
1 'V 1-(87)? (’\(m—Am)n)H’\(m—Am)n Joi(l—(BL")2)
(ﬂﬁ“ (1<6;">2)6;"a§+<6;”>3> G G " eee

o2 LS 1 1-(87)? ° ~(m—Am)n H"(mfAm)n JUg(l—(BQ}V) .
Pl +k/:§/¢k <(W - (- (6"‘) )Brra2+(Br)? (G’f/ ) G * Wﬁ

(10)

If we ignore the error in channel estimation, i.e., if we assume that § = 1 and 02 = 0, the solution (7)
reduces to the solution with ideal CSI given in [7].

4 Real-time estimation of Markov-Gaussian error model coefficients

For convenience in further derivation, in this section the error model coefficient 8;"* is decomposed into
product of two factors:

Bk _ﬁkd ke7 (11)

These factors are related to time variance in the channel and to the channel estimation error, respectively;
the parameter ﬁk"?d measures the effect of channel mismatching caused by Doppler spread, whereas ﬂ,’:}e
measures the effect of channel mismatching owing to estimation error.

In order to successfully estimate 8;" in real-time, we assume that the BS broadcasts L,, continuous pilot
OFDM symbols, each having the same length and transmit power as the data OFDM symbols. After
the pilot OFDM symbol passes through a channel, the sampling point ¢ of the pilot time-domain OFDM
symbol of user k received from the jth antenna of the BS is expressed as gy’ (t). Each user estimates its
own SNR and Doppler spread by using the corresponding received OFDM symbol and feeds back these
estimated values to the BS. Based on these values, the BS computes ;" and updates the beamforming
matrix at BS.

4.1 Error parameter associated with Doppler spread

In the following subsection, we will show how to compute the parameter ﬁk”?d. To simplify this derivation,
we assume that ﬂ,’:}e = 1. ﬁk"?d can be obtained using the MMSE criterion. The complex channel gain
from subcarrier n of user k to the jth antenna of the BS at the (m — Am)th OFDM symbol is modeled
as

~ —A m mn
Gl(c? = BiaGry L= (B Ge; (12)

where Am is the corresponding delayed number of OFDM symbols, AmTy is the time delay between
channel estimation and beamforming, and T is the total length of the OFDM symbol. The first and
second terms on the right-hand side of the above equation denote the ideal channel gain at the mth
OFDM symbol and the error caused by the Am-symbol delay, respectively.

The MSE between the received and estimated transmitted signals can be given as follows

B () Vi - Grrserl®) =B (Il Grrsmy + Vi = BraGi s — /1= (Bra2 Gz I) .
(13)

As proven in Appendix B, minimizing the MSE by differentiating the above expression with respect to
Biq yields

§RGG 3 (Am 0)

ﬂkd éRGG,k (0,0) )

(14)
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where Raa p(Am, An) = E(G™(G m+Am)(n+An))*) denotes the time-frequency channel correlation
function. Note that, in this derivation, An = 0. For a time-varying Rayleigh fading channel, Rga  (Am, 0)
is given as

§RGG,k (Am, 0) = JO (27‘[f$kAst) s (15)

where function Jy(+) is the zeroth-order Bessel function of the first kind:

1 7t izcosd

Jo(z) = — e dé, (16)
L Jo

and fj" is the Doppler spread for user k. In terms of (14), we may compute the Brlq given f. By

exploiting the cyclic property of the CP of the OFDM symbol, the Doppler spread f;"; can be estimated

as in [23-27]:

1 42] 1Zt 0 |yk] |yk](t+N)|)
S S N 0 + I e+ N P)

where T, is the useful length of OFDM symbol.

fi = (17)

4.2 Error parameter associated with channel estimation error

We now proceed to estimate the parameter Bk”?e relative to channel estimation. The accuracy of channel

estimation relies directly on the average SNR 4 over the pilot grids in a channel given an estimator

such as MMSE, which is approximately proportional to the average SNR ~y" over the data grids. As

shown in Appendix C, the parameter 3;", obtained by adopting the LMMSE channel estimator is

'Ymk

m P,

_ ) 18

Bk,e 1 +7;)?k ( )
Based on the transmission power of the pilot symbols and the number of pilot symbols per channel

parameter, we can approximate v, as a linear function of 5" as follows

Yok RO Vs (19)
where « is defined as

0621 _ Pp,k,m ]Vp,k,m7 (20)
Pd,k,m Nc,k,m
where P, i and Np . are the power and length, respectively, of the practice training symbols for
user k, Py j,m is the average power of the data symbols for user k, and V. j is the number of channel
parameters to be estimated for user k. The cyclic property of cyclic prefix (CP) in the OFDM system
means that 73" can be estimated by the following expression:

LZ] 1Zt o ‘yk] (w7 (t‘f‘N))*‘

%,k = ’ (21)

3 (S s ] - s -+ )

which is given in Appendix D. Based on this, we can complete the calculation of BZ}@.

The error model coefficient 3;" can be obtained by substituting 3}, and g;"; in (11). Substituting
the error model coefficient into the adaptive robust precoder in Section 3, the precoder can be adjusted
adaptively through real-time estimation of the Doppler spread and SNR at the data grid, which can
improve the robustness of the system. The results will be further verified by simulation in the next

section.
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Figure 2 Curves of BER versus SNR of the proposed adaptive robust beamformer (o = 0.5, and fgAmTs = 0.01).
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Figure 3 Curves of BER versus SNR of the proposed adaptive robust beamformer (o = 1, and fgAmTs = 0.01).

5 Simulations and discussion

The following baseband system parameters and specifications are used in the following simulation: digital
modulation QPSK; channel bandwidth BW =1 MHz, N = 64, CP length = 8, four single-antenna users
(K = 4); one BS with four antennas (J = 4); and carrier frequency f. = 900 MHz. The normalized
Doppler spread is defined as fy7T,,, where f; and T, denote the Doppler spread and the length of useful
OFDM symbol, respectively. f4T, equals 0.01, indicating that our simulation system is a slow time-
variant fading MIMO-OFDM system. At the same time, we define Amf;Ts, where Ty is the total
length of the OFDM symbol including CP, as the delayed time difference between channel estimation
and beamforming.

Figures 2, 3, and 4 show the curves of BER versus SNR of the proposed adaptive robust precoder at
a = 0.5, 1, and 4, respectively. For comparison, the BER curves of a robust precoder with fixed 3, a
precoder obtained by mismatched channel matrix, and a precoder with perfect CSI are presented in the
three figures. Under all SNRs, the proposed algorithm performs better than the algorithm with fixed 5.
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Given a fixed Amf Ts = 0.01, the BER performance of the proposed beamformer tends toward the ideal
BER performance as « increases from 0.5 to 4.

Figures 5, 6, and 7 show the curves of BER versus SNR of the proposed adaptive robust beamformer
for three different values of @ (v = 0.5, 1, and 4). From these figures, it is seen that, given a fixed «,
the SNR gains of the proposed method over other algorithms increase as Am fyT increases from 0.01 to
0.05.

Figure 8 plots the curves of BER versus « of the proposed adaptive robust precoder based on Max-
SLNR at three fixed SNRs (5, 10, and 15 dB). From Figure 8, as « increases, the BER performance
converges to the performance of the Max-SLNR with ideal CSI as a lower bound. This effect is primarily
the result of the fact that a large a corresponds to more training symbols per channel parameter/higher
transmit pilot power; in other words, a large o provides higher channel estimation accuracy. Additionally,
the convergence rate of the BER performance at SNR = 15 dB is faster than those at SNR = 10 and



Shu F, et al. Sci China Inf Sci  June 2016 Vol. 59 062302:9

BER

—O— Proposed adaptive robust Max-SLNR precoder . .. o]
—p— Precoding with mismatched CSI | ... . N 1
—]— Robust precoding with fixed f=0.8 | ... .. TN |
Precoding with perfect CSI in [2]

10—3 1 1 1 1
0 5 10 15 20 25

SNR (dB)

Figure 6 Curves of BER versus SNR of the proposed adaptive robust beamformer (o = 1, and fgAmTs = 0.05).

10°

BER

| —o— Proposed adaptive robust Max-SLNR precoder N ]

| —=—Precoding with mismatched CSI - N 1
-| —<JI— Robust precoding with fixed f=0.8 |- - PN 1
Precoding with perfect CSI

10*3 1 1 1
0 5 10 15 20 25

SNR (dB)

Figure 7 Curves of BER versus SNR of the proposed adaptive robust beamformer (o = 4, and fgAmTs = 0.05).

5 dB.

Figure 9 plots the curves of sum-rate versus « of the proposed adaptive robust precoder based on Max-
SLNR at three fixed SNRs (5, 10, and 15 dB). From Figure 9, as « increases, the sum-rate performance
approaches the performance of the Max-SLNR with ideal CSI as an upper bound, for the same reason as
discussed in conjunction with Figure 8.

6 Conclusion
In this paper, an adaptive robust Max-SLNR precoder that can take into account some of the Doppler

spread and channel estimation-induced uncertainty or variation in the channel matrix was proposed.
Simulation results show that the proposed adaptive robust precoder performs better than existing robust
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and non-robust algorithms. As either the number of training symbols or the transmit power becomes

large, the BER and sum-rate performance of the proposed adaptive method approach those of a precoder
with perfect CSI.
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Appendix A Derivation of the proposed robust Max-SLNR precoder

Below, we will show how to compute E [(G?”)HG?"\W?, é,(cm_Am)n)], which can be used to simplify (9).

Conditioned on g} and C:‘,(CmfAm)", we have

B [@pmterm s, G i)



Shu F, et al. Sci China Inf Sci  June 2016 Vol. 59 062302:12

H
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= (57;)2 (é;(cm—Am)n>Hé§cm—Am)” i (W) E ((GZ,LI?>HGZ,LI?|(ﬁ)T7él(cm_Am)n))
- WB ((Gm)" | aprsmm) s
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Furthermore, from [23| we have

H . J H .
E ( (eup) e, G,i’”‘Am>">) =E (Z (cmy) G, G A

m=1

J H ~ —Am)n
> w((cmy) e ler. 6 ), (a2)
m=1

(m—Am)n

where G;",?j and ékj denote the jth column of matrix G7';' and éém—Am)n7 respectively.
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where the notation cov(-) denotes the covariance operator. The element of G7'" has independent real and imaginary parts
with zero mean and unit variance; then we have

e e o 62 = o, (ori) | elaig 2 (a2 ] aig-amr
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1 ~(m—
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= o, G,
(1= B o2 + (B>
0‘2 ’\(m—Am)n. (A4)

S =B e+ B
The covariance matrix cov [(G;”gj)*nggj\( i ’G\](CT_Am)n)] can be given as |23|

cov [(Gm) G, G2
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By substituting (A3), (A4), and (A5) into (A2), it yields
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Similarly, we can obtain
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Therefore the matrix A;"™ can be given as follows
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This completes the simplification of matrix Aj"".
Appendix B Derivation of parameter 3;",
In terms of the MSE principle, substituting (12) in (13) yields
~ . ~ +A
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where Rgg,r (Am,An) = E (Gz’m (G,(cm+Am)(n+An))*) denotes the time-frequency channel correlation function, and

note that An = 0 in this paper. We take the derivative of E <|| 17,;?" — é%”'svz’;”HQ) with respect to 87, and set it equal

to zero; then we have

ok (|| Ypn - Gesr)?)

kj Skj
2 = “2Raa.k (Am,0) + 2Rk (0,0) By = 0, (B2)
By
which yields
m _ Raak (Am,0)
Brd= % n (B3)
Raa,k (0,0)

This completes the simplification of matrix B;".

Appendix C Derivation of parameter ,8};?6

In what follows, when the MMSE-based channel estimator is used, the estimated channel complex gain is given by the form

som-smm _ gy g (O (0) (1)) -
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_ elow (o) el () )
where 'y s is the equivalent SNR of pilot grids, which can be estimated by the SNR of
data grlds From the first term on the right-hand side of (C1), we have
A Y
Fe=Tom (©2)
Tk

Appendix D CP-based SNR estimation

In accordance with [26], the self-correlated function of the OFDM symbol is equal to the sum of signal and noise powers:
N+L—1
< 71 t‘ + Z 71 (0] >“ngkj+P}7kj+P1%jv (D1)

where ﬁﬁ”k J denotes the average power of useful data signal at the receive signal, ﬁlmk . is the residual interference from

other users, ﬁfvn ki is the average power of AWGN noise in the channel.
Making use of the cyclic property of CP of the OFDM symbol, the correlation function between CP and its corresponding
part in the OFDM symbol is approximated to be the average useful symbol power as

R = ~ i
i=T tz:(:) ‘ykj (t) (ykj (t‘f'N)) ‘v (b2)

due to the independent property of noise.
Substituting (D2) in (D1) yields
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Combining (D2) and (D3) forms the estimated average SNR at data grids as follows:
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