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Abstract—In adaptive time division duplex (TDD) broad-
cast multi-antenna orthogonal frequency division multiplex-
ing (OFDM) systems, non-reciprocal transceiver chains at the
base station (BS) cause multi-user interference. This is due
to the inappropriate spatial filter design at the BS based on
the reverse link estimate. Hence, BS transceiver calibration
is required. Provided that an estimate of the forward link
channel is available at the BS, e.g., in a calibration phase, the
transceiver parameters can be estimated by solving a total least
squares (TLS) problem. In addition, if mutual coupling between
the antennas exists the number of unknown front-end parameters
to be estimated increases. Consequently, large matrices need
to be decomposed via singular value decomposition (SVD) to
attain a calibrated system. To deal with these large matrices
a conjugate gradient (CG) method for solving the TLS problem
iteratively is proposed in this paper. Simulation results show that
the calibration based on the CG method achieves almost the same
performance compared to the TLS solution but with significantly
reduced complexity.

I. INTRODUCTION

The application of orthogonal frequency division multi-
plexing (OFDM) has become a state-of-the-art air interface
technology for modern wireless communication systems [1]. In
combination with multi-antenna arrays at the base station (BS)
these systems are able to provide space division multiple
access (SDMA) to multiple users (MU). With channel state
information (CSI) at the BS based on uplink channel estimates
in time division duplex (TDD) mode, adaptive schemes like
frequency-domain pre-equalization can be applied [2]. A pre-
requisite for using the uplink estimates is channel reciprocity
with respect to the baseband, which in general is not fulfilled
as the uplink transmit-receive chain (Tx-Rx chain) is not
reciprocal to the downlink (DL) Tx-Rx chain. Therefore, either
robust pre-equalization schemes [2] or a suitable transceiver
calibration is necessary [3].

It has been shown by the authors in [4] that robust filter
design schemes for pre-equalization are insufficient for severe
non-reciprocal conditions. Instead, the application of a rela-
tive calibration scheme based on a total least squares (TLS)
formulation of the calibration problem (without coupling con-
siderations) showed excellent properties in recovering almost
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equivalent effective up- and downlink channels. The solution
of the TLS problem is usually found via a singular value
decomposition (SVD) [5]. If mutual coupling is present at
the BS, the TLS problem formulation leads to large matrices,
which need to be decomposed via SVD [3]. To overcome
this problem, less complex algorithms must be used to find
the solution of the equivalent minimum eigenvalue problem,
e.g., by an inverse iterative power method [6]. In this con-
tribution a low-complexity algorithm based on a conjugate
gradient (CG) method for solving the TLS calibration problem
in MU-Multiple Input Single Output (MISO)-OFDM systems
is proposed. In this context, the BS not only has non-reciprocal
transceivers but also is influenced by mutual coupling due to
the narrow antenna element spacing of the array, e.g., in a
femtocell BS.

The remainder of the paper is organized as follows. In
Sec. II the system and the applied extended channel model are
described. In addition, the non-reciprocity and the mutual cou-
pling models are introduced. Subsequently, the downlink cali-
bration schemes are stated in Sec. III. The relative calibration
approach based on the SVD solution is reflected in Sec. III-A,
while the CG method and complexity considerations are given
in Sec. III-B and Sec. III-C, respectively. Simulation results
for the calibration principles in different transceiver mismatch
conditions are shown in Sec. IV. Finally, a conclusion is given
in Sec. V.

II. SYSTEM MODEL
A. Extended Channel Model

A downlink (DL) scenario of a system with Np base
station antennas and N, decentralized single-antenna mobile
stations (MS) using OFDM with N subcarriers is considered,
where N > Ny should hold. The effective downlink matrix
H(k) and the effective uplink (UL) matrix G (k) in frequency-
domain on subcarrier k£ using a scattering matrix approach [2]
can be written as

H(k) = A WerMSve(k)WrsArs, (1)

and
G(k) = Arpy WL Sus(k)WELArp, (2)
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respectively [4], [7]. Here, the indices 7" and R denote the
transmit or receive chain at location M for the MS or B
for the BS. The scattering matrix Sy;p(k) can directly be
replaced by the real physical downlink MIMO channel matrix
Hpp (k) in frequency-domain [7]. The channel matrix Hpp (k)
results from the frequency-selective time-domain channel ma-
trix Hyp(¢) € CN»wN5 0<¢<Lp—1, whose elements are
ii.d. complex Gaussian distributed. Ly denotes the number
of uncorrelated channel taps.
Furthermore, in (1) and (2) the matrices

(3a)
(3b)

Woris/a) = (Insan = DrinnSiss/mmg)
Wris/m = (INga — Stea/anTri/an)

describe the mutual coupling and the reflection at the
transceivers, whereas the matrices A[r/g)a/p) contain the
antenna gains in the transmit and the receive paths, respec-
tively. If feedback effects of the BS antennas on the radiation
of the MS is negligible, the matrices

Aprrp=diag{or/rB1: - O/ RIBNG } (4a)

and

L7 rs =diag{vr/rB,1:- - VT/RIB.NS } (4b)

with complex gain factors a7y, (3/nm),[i/5 and input/output
reflection coefficients Y7, g),(B/Mm),[i,5) can be modeled as
diagonal matrices [7]. The modeling of these coefficients and
a detailed description of the scattering matrices S(pp /)
are given separately in Sec. II-B. Without loss of generality,
frequency-flat characteristics of the transceiver chains is as-
sumed throughout the paper, meaning that the matrices A and
W are independent of subcarrier index & (cf. (1) and (2)).

If linear pre-equalization is applied in the considered
multi-user broadcast MISO-OFDM system the receive signal

yv(k) =[y1(k),...,yny (k)]T on subcarrier k stacking all
mobile stations reads
y(k) = B(k)H(K)F (k)d(k) +n(k), 5)

where d(k) € CV¥¥ s the data vector to be transmitted to
the Nys MS. The pre-equalization matrix F (k) € CNeXNar jp
the minimum mean square error (MMSE) case is determined
using the uplink channel matrix G(k) such that

Fumse(k) = G (k) (G(k)GH(k) + UTQLINJ\/I)_l (6)

holds. Here, the same noise power o2 on all subcarriers and

all MS is assumed. The scalar B(k) is chosen such that the
total sum power constraint per subcarrier is fulfilled [4].

In terms of MMSE channel estimation in uplink direction,
the estimated channel matrix G(k) of one subcarrier can be
modeled by [8]

G(k) =/1-02G(k) + k), (7)

where W (k) a Gaussian error matrix with an entry variance of
one and o2 is the estimation error variance. The same holds for
H (k) with an independent error matrix but here with identical
estimation error variance, which generally does not need to be
the same.
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Fig. 1. Scattering parameters of an exemplary bandpass filter at
fe =2.6 GHz

a) Input reflection coefficient S1; - b) Transfer factor So;

B. Mutual Coupling and Error Models

Concerning the error model of the complex gain factors that
describe the non-reciprocal behavior of the transceiver chains
each gain factor ar/gjp,; in (4a) is assumed to be slightly
mismatched. Consequently, a7/ g)p,; = 1 + d[r/r)B,; holds,
where the statistically independent error terms (7 g)p,; are
zero mean complex Gaussian random variables with variance
02 [2]. These factors are expected to change very slowly in
time compared to the duplex phase and are assumed to be
equal per antenna on all subcarriers k.

The modeling of the reflection coefficients (7, g)p,; is mo-
tivated by an exemplary filter for a long-term evolution (LTE)
band at 2.6 GHz. The scattering parameters of this filter are
shown in Fig. 1a) and b). Since the input reflection coefficient
S11 is around 20 dB below the transmission factor S5; in the
frequency range of interest, the mean value for v /g)p,; is
set to 0.1. Then

Yr/R)B: = 0.1+ K[7/R)B.i (3)

is used to model the reflection coefficient in (4b). Again
additional error terms rr/g)p,; are added, which are zero
mean complex Gaussian random variables with variance o2.

To determine the scattering matrices S;pp/arar) in (3), the
antenna array configurations need to be investigated from
an electromagnetic perspective. If at least two antennas are
in proximity regarding the wavelength A and one of these
antennas is transmitting, the second is irretrievably in the near-
field of the transmitting antenna. As a result, the transmitting
antenna induces a voltage at the ports of the second antenna,
which is not transmitting. This induced voltage can be related
to the impressed current on the transmitting antenna, which
gives the mutual impedance. Hence, the mutual impedance
is a measure for the strength of the antenna coupling due
to the near-field interaction. Taking also the input impedance
Z 4 of a single antenna element into account, the following
relation between the antenna currents /; and voltages V; can



be established at the BS

Np
Vi=ZaLi+ Y Zi-lj, ©)

j=1,j#i

with Z;; denoting the mutual impedance between the antenna
elements ¢ and j [9]. Here, "infinitesimally thin” A/2 dipoles
are considered for the antenna elements [10]. The input as
well as the mutual impedance can be computed by using the
results presented in [11]. Rewriting the current and voltage
relations indicated by (9) in matrix form, the impedance
matrix Z € CV8*N5 i obtained. The latter can be used to
describe the scattering parameter matrix Spp of the base
station antenna array exploiting the following relation [12]

y/ e/
Spp = <Z_O+INB> <Z—OINB> .

Here, Zy = 502 denotes the characteristic impedance of the
ports.

It is assumed that no coupling is present between the
MS as the spacing between the users is at least of several
wavelengths such that Sy;ps = %IM* Yir/rim,; ~ 0 and
hence Wz riar ~ In. In addition, the gain factors in
matrices A7/ gy can be set to one as they have no impact
on the system performance [2]. Using the model for o7/ g5,
as well as (8) and (10), the matrices W and W g in (3)
can be calculated.

(10)

III. DOWNLINK CHANNEL CALIBRATION

A. Calibration via Singular Value Decomposition (SVD)

For the following derivations of the calibration approach
it is assumed that both the estimated CSI of the uplink and
downlink channel are known at the BS. This can be achieved
in a special calibration phase or by means of analog feedback
of the DL channelHence, errors in all variables are obtained
due to the estimation, where we neglect the "-indication for
the remainder of this section.

Starting with (2) and resolving it with respect to Sy;p,
inserting the result into (1) leads to

H(k)=ArvWrn Wy Azy GR) AR W s WrpAr .

Cum Cg
(11)
We define the auxiliary vectors ¢z £ vec{Cz'} and
Cr éVec{C{/I}, where the vec-operator is defined as
vee{B} = vec{[by ..., b;]} = [bT,...,bT]", and gi(k) is
the i-th column of matrix G(k). Then, (11) can be reformu-
lated with

Iy, ®@gf (k)

O(k) = : and Q(k) =Iy,@H(k) (12)
In, ®gh,(k)

to

Q(k)CB - @(k)CM = ONBNMXI 3 (13)

where ® is the Kronecker product. Set ¢ £ [¢}; c1/] " as well

as

E.=[Q(k) —0O(k)] (14a)
and
E=[E],.. EL]" e CKNsMoNEENG - (14p)
Thus, (13) can be rewritten to
Ec=0gNsNyx1 - (15)

Obviously E depends on G(k) and H(k) (cf. [3]). Here,
K defines the number of subcarriers used for calibration,
where the k’s can be arbitrarily chosen due to the presumed
frequency-flat characteristics of the transceivers. As there
are N2, + N2 number of unknowns and K - Nj;Np linear
equations, multiple subcarriers K are necessary to solve (15).

As described in [3], (15) defines a special case of a
total least squares (TLS) problem [5], where the optimization
problem is defined as

(16a)
(16b)

L
minimize | A,

such that (E+ AE)c = 0x- nyNyx1 -

The goal is to find a perturbation matrix AE with minimum
Frobenius norm that lowers the rank of E, where AE is the
correction term of the TLS optimization problem.

The solution to (15) lies in the right null space of E
and can be computed with the singular value decomposition
(SVD). In [5] the connection of the TLS solution to the
SVD was shown. Then, if E = UXV#H depicts the SVD
and matrix V = [v1,..., VN, 4N, denotes the right singular
vector space, the estimated solution for ¢ depends on the right
singular vector corresponding to the smallest singular value in
¥ such that cpis = —m VNg 4N, - Thus, ¢ can
be fully determined (up to a scalar coefficient, which vanishes
due to the reciprocal multiplication in (11)) if and only if
UNp+Na,Np+Ny 7 0 holds [5]. Finally, with solution vector
crLs the matrices G(k) can be adjusted according to (11).

B. Conjugate Gradient Method for Solving the TLS Problem

The problem of the SVD-based TLS algorithm is that it can
be computationally prohibitive for large matrices E. It was
shown that the constrained minimization problem in (16) is
equivalent to minimizing the so-called Rayleigh quotient [13]

HypH

Fe) = c"E"Ec .
The minimization of the Rayleigh quotient in turn is equivalent
in finding the eigenvector ¢ associated with the smallest eigen-
value of matrix EZE such that min{||AE||§,} = min{f(c)}
equals the minimum singular value and the TLS solution is
obtained [14]. An advantage of the Rayleigh quotient is the
fact that (17) can be minimized iteratively. One possibility
is to use an inverse power method to find the corresponding
eigenvector [6]. Applying the Rayleigh quotient introduces a
shift equal to this quotient into the inverse iteration [13]. To

Ho 17)



avoid a matrix inverse, this can be solved via a conjugate
gradient (CG) method, e.g., according to [14].

The CG method successively approximates the vector ¢ in
iteration m such that

Cm+1 = Cm + gmsm 3 (18)

where s,, is the search direction and &, the step size. Fol-
lowing [15], after taking the derivative of (17) and minimizing
it, the step size is the solution of a quadratic equation and is
always real, where the smaller value of the two possible solu-
tions corresponds to the minimum eigenvalue such that [14]

VP Tdco—b
b =
with the definitions of b, ¢ and d as in Alg. 1. Now, to update
the solution vector c,,; iteratively, the calculations listed in
Algorithm 1 are executed. The algorithm either stops after
Mmmax iterations or if the change of the estimated smallest
singular value falls below a certain threshold, which is set
to emres = 1077 here.

19)

Algorithm 1 CG Minimization of Rayleigh Quotient
Require: ® = EFE

T
i co = |Onz N2 1, 1] {initial guess}

2: po=ci®co {estimated smallest eigenvalue}
319 = pco — Py {residual }
4: 8o =19 and m =0 and e = —c0 {initialize variables}
5: while |e| > €nres and m < mpa do

6: Yom=clPs,, and Ty, =sZPs,,

7: Yem = sfc,, and Yim= sls,,

8: b="o,m —pmYam and ¢ = YVam — pmLem

9 d="TomTerm — YamTam

/b2 —4dc—b
10: = —

11: Cmt1 = Cm + EmSm {update eigenvector}
12: Cm+1 = Smtl

[lem+1|l2
13: P+l = Cyp1 P Cmg1 {update Rayleigh quotient}
14: T4l = Pm+1Cm+1 — P Cmy1
15: Vm = —SS;}%‘”SW?
16: Sm+1 = Tm41 + UmSm {update search direction}
17: €= W {check convergence}
18: if € > 0 then
19: Cmt1 = C, {correct wrong gradient search}
20: break {stop algorithm earlier}
21: end if
22: m<m+1

23: end while
24: return ccog = — —m=1

CNp+Nu

{approx. TLS solution}

C. Complexity Considerations

The complexity of the SVD depends on the number of
parameters to be estimated, meaning the length of vector
c € CNu+N5x1 In general, the common SVD calculation
needs around O( (N3, + N]%)3) multiplications, which is not
suitable for large scale matrices E. Following [14], the com-
plexity of the CG method is in the order of (’)((NIQVI + NE)Q)

I TLS bound

-4 L L
1 10 20 30
Iteration m

Fig. 2. Exemplary convergence behavior of the conjugate gradient method
for a MU-MISO-OFDM system with No = 512 subcarriers and different
numbers of K

per iteration. In addition, it is well known that the CG method
converges quite fast. In Fig. 2 an exemplary convergence
behavior of the CG method for No = 512, 02 = 10~*
and different numbers of calibration carriers K is shown.
The mean square error (MSE) describes the remaining error
between the true effective DL channel and the estimated
channel after calibration. Increasing K proves to be accurate
and additionally converges faster to the TLS solution compared
to smaller K. Hence, for large K, and consequently large
matrices E, the CG method is explicitly suitable for the
calibration process.

IV. SIMULATION RESULTS

In this section, bit error rate results versus Ej /Ny for linear
MMSE pre-equalization in a Np = Nj; =4 multi-user MISO-
OFDM scenario applying No =256 subcarriers and 16-QAM
transmission are shown. The utilized QAM soft output demap-
ping is done via max-log approximation. The Ej/Ny-ratio is
defined as E,/No = 1/(R.logy(M)o?), where R, is the code
rate of the applied channel code. The applied channel code in
the encoded scenarios is a half-rate punctured 3GPP Turbo
Code with additional sub-block interleaving [1]. It is assumed
that a codeword ranges over six OFDM symbols.The guard
interval has a length of Ny, = 6, which is set equal to the length
of the considered Rayleigh channel taps at symbol clock L.
The channel has an almost exponentially decaying power delay
profile. Furthermore, the channel is assumed to be constant for
one codeword but changes from codeword to codeword and
the channel estimation error is 03 = 10~%. For completeness,
it has to be mentioned that the guard loss is also considered
in the results. The variance of the reflection coefficients at the
BS is fixed to 02 = —30 dB for all simulations.

Fig. 3 shows the results, where subfigures a) for
02 = —30 dB and b) for 02 = —20 dB present the uncoded
results and ¢) (607 = —20dB) and d) (07 = —10 dB) the
coded results, respectively. The uncoded results show a sig-
nificantly decreased performance if no calibration is applied.
The calibration results for X = 32 indicate that only with a
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Fig. 3. BER versus E,/Np for a system with Ng = Nj; =4 and BS
antenna coupling (02 = —30 dB), N¢ = 256 subcarriers and 16-QAM

with MMSE pre-equalization and different calibration schemes. The channel
estimation error variance is 02 = 10~* and the applied channel code in c)
and d) is a half-rate punctured turbo code.

large number of calibration carriers sufficient linear equations
are available to ensure a good estimate of vector c. Otherwise a
decrease in BER is apparent. While the SVD solution achieves
a good performance for K = 64 in the uncoded case, the CG
method with mp,x = 50 needs more carriers to significantly
improve the average BER of the users. In case of K = 128
the CG method has the same performance gain compared to
the direct SVD but with considerably reduced complexity.
This substantiates the fact that the CG method is especially
applicable for large-scale matrix problems [13]. With the
utilization of channel coding the system itself is more robust to
reciprocity mismatch. Nevertheless, calibration is necessary as
non-reciprocal transceiver lead to an error floor. The increasing
error rates are in accordance to the results in [4]. Utilizing the
calibration employing K = 128 carriers leads almost to the
same performance as for the reciprocal system with perfect
channel estimation. Again, the CG method performs slightly

worse with less carriers but works as good as the direct SVD
for K — N in the region of interest around a BER of 1073,

Remark: To ensure an average low BER in coded scenarios,
cases of divergence must be avoided. Because a strong channel
code guarantees minor occurrences at high SNRs, the cali-
bration results can be allowed to be less accurate. Therefore,
€mres Should be chosen larger or the lines 18 to 21 in Alg. 1
can be used to avoid a wrong direction of the gradient. In
contrast, without channel coding a case of divergence does
not significantly contribute to the error rates.

V. CONCLUSION

In this paper, it has been shown that relative calibration
techniques for mutually coupled MU-MISO-OFDM systems
with decentralized receivers are able to combat the non-
reciprocal transceiver chains in terms of DL BER if estimated
instantaneous UL/DL-CSI is available at the BS. The CG
method is an iterative low-complexity solution to approximate
the ordinary TLS solution based on direct SVD. Increasing the
number of subcarriers in the TLS approach proved to show bet-
ter performance in these systems. The increasing complexity
is manageable by applying a CG algorithm, which in addition
has faster convergence with more calibration carriers.
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