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Abstract: Thanks to channel reciprocity, the time-division duplexing operation is typically used for

distributed large-scale multiple-input multiple-output systems. With the knowledge of uplink channel state,

APs (Access Points) perform the downlink precoding to cooperatively communicate with multiple UEs (User

Equipments). Unfortunately, the channel reciprocity is often jeopardized by the non-symmetric transceiver

RF (Radio Frequency) circuits at both sides of the link. By excluding UEs from the calibration procedure,

the TLS (Total Least Squares) method is extended to the case of partial calibration, where only the APs

are involved to exchange calibration signals to compensate for RF mismatches. Nevertheless, channel

fluctuations between APs significantly degrade system performance. Therefore, we propose a scheme to

obtain the diversity gain, by performing a calibration with the combination of the calibration signals of differ-

ent channel coherent times. Simulation results confirm the effective performance and robustness of our scheme.

Keywords: reciprocity calibration, RF mismatch, large-scale MIMO, diversity combining, time-division
duplexing
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1 Introduction

For an innovative scaling up, a large number of an-

tennas are equipped at a transmitter to improve

spectral efficiency and energy efficiency. This is

known as massive MIMO (Multiple-Input Multiple-

Output) or large-scale MIMO technology[1-3]. In dis-

tributed MIMO systems, large-scale antennas are lo-

cated at some APs. A central processing unit con-

necting these distributively deployed APs through
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high-bandwidth wire links[4,5]. Given the downlink

CSI (Channel State Information), the APs can per-

form joint precoding to cooperatively communicate

with multiple UEs on a single time-frequency re-

source. In a TDD (Time-Division Duplexing) op-

eration, an estimation of the uplink CSI can be seen

as the transpose of the downlink CSI thanks to the

channel reciprocity. Thus, the transmitter can esti-

mate the CSI for both uplink and downlink channels

only through uplink pilots from the UEs, which saves

large resources since the orthogonal downlink pilots

from the APs and the CSI feedback from UEs are not

required[2]. Unfortunately, transceiver RF circuits at

both sides of the link are usually not symmetrical.

Since the transmitting signals also experience the RF

circuits, the RF mismatches will jeopardize the reci-

procity of the entire channel and can lead to a severe

loss in system performance[6]. Therefore, it is very

important to perform a reciprocity calibration.

In order to compensate for the RF mismatches,

a calibration scheme named the TLS method was

proposed in Ref. [7], which formed the calibration

as a TLS problem. However, by the TLS method,

the calibration signals need to be exchanged be-

tween the transmitters and the receivers. Feedback

from the receivers is also required, and will cause

heavy overhead in large-scale MIMO systems. Fortu-

nately, the RF mismatches at the receivers can be ig-

nored since they have a negligible influence on system

performance[8]. Thus, only a partial calibration was

necessary to compensate for the RF mismatches at

the transmitters[9]. For distributed systems, the LS

(Least Squares) method was presented in Ref. [10].

By avoiding the involvement of UEs, the LS method

requires only the sequential exchanging of calibra-

tion signals between APs. The LS method has been

proven as an extension of the TLS method to the

case of self-calibration[11].

Nevertheless, in a distributed topology, the chan-

nels between APs are usually random (and are often

Rayleigh distributed). Thus, the SNR (Signal-to-

Noise Ratio) of the received calibration signals may

not be large. This quick fluctuation will significantly

degrade system performance. In this paper, we pro-

pose a scheme to perform the calibration in differ-

ent channel coherent times. Then, we calculate the

calibration coefficients according to a reconstructed

LS function using a combination of the calibration

signals. Owing to the diversity gain, system perfor-

mance and robustness can be greatly improved.

Notations Vectors are denoted in lower case bold:

x. Matrices are in upper case bold: A. [A]i,j denotes

the ith row jth column element of A. (·)∗, (·)T and

(·)H represent the conjugate, transpose, and Hermi-

tian transpose, respectively. diag (x) is a diagonal

matrix with x on its diagonal, and diag (A) denotes

a column vector with the main diagonal of A.

2 System model of transceiver RF

circuits

transmitting RF
module

receiving RF
module

baseband
processing

RF circuits

Figure 1 Model of RF circuits

In practice, transceiver RF circuits at both sides of

the link are not symmetric owing to variations in

the RF and baseband hardware. As shown in Fig. 1,

each antenna has a transmitting RF and a receiv-

ing RF module. RF circuits include the antennas,

mixers, filters, A/D (Analog to Digital) converters,

power amplifiers, etc., and are strongly related to the

temperature and humidity of the environment[7]. It

is assumed that there are M antennas in total at the

APs and K antennas at the UEs. Denoting H as the

wireless downlink channel matrix, the entire uplink

and downlink channel matrices are given by

GUL = CAP,rH
TCUE,t, (1)

GDL = CUE,rHCAP,t. (2)
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CAP,t and CAP,r denote the transmitting and receiv-

ing RF gain matrices corresponding to the antennas

of the APs, respectively. CUE,t and CUE,r denote the

transmitting and receiving RF gain matrices corre-

sponding to the antennas of the UEs, respectively.

Define

CAP,t = diag (tAP,1, · · · , tAP,m, · · · , tAP,M ) , (3)

CAP,r = diag (rAP,1, · · · , rAP,m, · · · , rAP,M ) , (4)

CUE,t = diag (tUE,1, · · · , tUE,k, · · · , tUE,K) , (5)

CUE,r = diag (rUE,1, · · · , rUE,k, · · · , rUE,K) , (6)

where tAP,m, rAP,m (m = 1, · · · ,M) are the RF

gains of the mth antenna at the APs, and tUE,k,

rUE,k (k = 1, · · · ,K) are the RF gains of the kth an-

tenna at the UEs. It can be seen from Eqs. (1) and

(2) that the uplink and downlink channels become

non-reciprocal owing to the RF mismatches. Thus,

it turns out to be GDL 6= GT
UL, although the wireless

channels are symmetrical.

3 Cooperative TDD reciprocity cali-

bration

3.1 TLS method with partial calibration

The TLS method forms a calibration model by a TLS

problem, which demands the exchange of calibration

signals between the transmitters and receivers[7]. To

avoid involving the UEs in the calibration process,

the TLS method was extended to the case of the par-

tial calibration. In Ref. [11], the TLS method with

partial calibration was proved equivalent to the LS

method in Ref. [10]. Only the sequential exchange

of calibration signals between APs is required.

During the calibration procedure, time-orthogonal

pilot symbols are exchanged by the antennas of the

APs with power Pcal. For clarity of discussion, the

value of the calibration signal is set to be 1. Then,

the received calibration signal matrix is given by

Ycal = CAP,rHcalCAP,t + N , (7)

where

[Ycal]m,n =

{
rAP,m[Hcal]m,ntAP,n+[N ]m,n, m 6= n,

0, m = n

(8)

is the calibration signal transmitted from the nth

antenna of the APs to the mth antenna of the APs.

[N ]m,n is the corresponding equivalent AWGN (Ad-

ditive White Gaussian Noise) with zero mean and

variance σ2
n. Hcal is the wireless calibration channel

matrix between APs, where [Hcal]m,n denotes the

wireless channel coefficient between the nth antenna

of the APs and the mth antenna of the APs, and

[Hcal]m,n = 0 when m = n. Given the reciprocity

of the wireless channel, we obtain the relationship

Hcal = HT
cal. Define the perfect partial calibration

matrix as[11]

Ccal = αcalC
−1
AP,tCAP,r, (9)

where αcal is a positive scalar that can be eliminated

with normalized transmitting power. If the thermal

noise is ignored for the received observation matrix

Ycal in Eq. (3), we obtain the following equation

YcalCcal = CcalY
T
cal. (10)

While in the presence of observation noise, Ccal can

be obtained by solving an optimization problem as

follows

arg min
{Ccal}

∥∥vec (YcalCcal)− vec
(
CcalY

T
cal

)∥∥2. (11)

Then, we transform the diagonal calibration matrix

into a vector as

ccal = diag (Ccal) = [c1, · · · , cm, · · · , cM ]
T
. (12)

From the statement in Refs. [11,12], Eq. (11) is

equivalent to the following unconstrained optimiza-

tion problem

min f (ccal) =
cHcalAccal
cHcalccal

, (13)

where the elements of A are given by

[A]i,j =


M∑

u=1,u6=i

∣∣∣[Ycal]u,i

∣∣∣2, i = j,

− [Ycal]
∗
j,i [Ycal]i,j , i 6= j,

(14)



64 Journal of Communications and Information Networks

According to the matrix principle of the Rayleigh

quotient, we have

λmin 6
cHcalAccal
cHcalccal

6 λmax, (15)

where λmin and λmax denote the minimum and max-

imum eigenvalue of A, respectively. Thus, the solu-

tion for ccal is the eigenvector of A corresponding to

λmin.

3.2 TLS method with diversity combin-

ing

For the TLS method, the calibration procedure only

requires the APs to exchange calibration signals and

is transparent to the UEs. However, in a distributed

topology, the channels between APs usually fluctu-

ate rapidly. The SNR of the received calibration sig-

nals may not be large. Thus, some calibration coef-

ficients may be estimated incorrectly, which will dis-

tort the multi-user MIMO precoding and result in a

significant degradation in performance. Fortunately,

the RF gain is stable over long periods of time such

as several hours[8,13], which is much longer than the

wireless channel coherence time. Thus, we can per-

form a calibration procedure several times in differ-

ent channel coherent slots. Then, the diversity gain

can be achieved by combining the multiple versions

of the calibration signals.

Using our scheme, the calibration procedures are

performed in Q different channel coherent slots

where RF gains are considered to be constant. Then,

exploiting the multiple versions of calibration sig-

nals, the optimization problem in Eq. (11) can be

reconstructed as

arg min
{Ccal}

Q∑
q=1

∥∥∥∥vec(Y (q)
cal Ccal

)
− vec

(
CcalY

(q)
cal

T
)∥∥∥∥2,
(16)

where Y
(q)
cal is the received calibration signal matrix

in the qth calibration slot. Then, by the similar

derivation in the above subsection, we can obtain the

following optimization problem with diversity com-

bining as

min fQ (ccal) =
cHcalAQccal
cHcalccal

, (17)

where

AQ =

Q∑
q=1

A(q). (18)

The elements of A(q) are given by

[
A(q)

]
i,j

=


M∑

u=1,u6=i

∣∣∣∣[Y (q)
cal

]
u,i

∣∣∣∣2, i = j,

−
[
Y

(q)
cal

]∗
j,i

[
Y

(q)
cal

]
i,j
, i 6= j.

(19)

Thus, the elements of AQ are written as

[AQ]i,j =


Q∑
q=1

M∑
u=1,u6=i

∣∣∣∣[Y (q)
cal

]
u,i

∣∣∣∣2, i = j,

−
Q∑
q=1

[
Y

(q)
cal

]∗
j,i

[
Y

(q)
cal

]
i,j
, i 6= j.

(20)

Consequently, by the TLS method with diversity

combining, the solution for ccal is the eigenvector

corresponding to the minimum eigenvalue of AQ.

3.3 Analysis for diversity gain

In this subsection, we will perform the analysis for

diversity gain using our proposed calibration scheme.

For clarity of discussion, if the thermal noise is not

considered, then the elements of A in Eq. (14) can

be rewritten as

[A]i,j =


M∑

u=1,u6=i
|rAP,u|2|tAP,i|2

∣∣[Hcal]u,i
∣∣2, i = j,

−r∗AP,jrAP,it
∗
AP,itAP,j

∣∣[Hcal]i,j
∣∣2, i 6= j.

(21)

Similarly, the elements of AQ are reformed as

[AQ]i,j =


M∑

u=1,u6=i
|rAP,u|2|tAP,i|2

[
HQ

cal

]
u,i
, i = j,

−r∗AP,jrAP,it
∗
AP,itAP,j

[
HQ

cal

]
i,j
, i 6= j,

(22)

where the elements of HQ
cal are

[
HQ

cal

]
i,j

=

Q∑
q=1

∣∣∣∣[H(q)
cal

]
i,j

∣∣∣∣2. (23)

Then, comparing Eq. (21) with Eq. (22), the TLS

method with diversity combining can achieve a di-

versity gain of Q.
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3.4 Achievable system sum-rates

In this letter, zero-forcing precoding is used for large-

scale MIMO systems. Before transmitting the sig-

nals, we multiply the precoding matrix by the cali-

bration matrix derived above. Considering the cal-

ibration error caused by the observation noise, the

calibration matrix is[6]

Ccal = CζC
−1
AP,tCAP,r, (24)

where Cζ is the diagonal calibration error matrix.

Then, ignoring the estimation error of the uplink

CSI, the overall downlink received signals at the UEs

are given by

y = βGDLCcalG
∗
UL

(
GT

ULG
∗
UL

)−1
x+ n, (25)

where β is the scaling factor to satisfy the trans-

mit power constraint, y = [y1, · · · , yK ]
T

denotes the

received signal vector, x = [x1, · · · , xK ]
T

denotes

the signal vector transmitted to the UEs with the

power constraint E [xkx
∗
k] = P , and n is the com-

plex AWGN vector, in which the elements are inde-

pendent and identically distributed (i.i.d.) complex

Gaussian random variables with zero mean and vari-

ance σ2
n. Substituting Eqs. (1) and (2) into Eq. (25),

we obtain

y = βCUE,rWζC
−1
UE,tx+ n, (26)

where

Wζ =
(
HCζCAP,rC

∗
AP,rH

H
)

×
(
HCAP,rC

∗
AP,rH

H
)−1

. (27)

It can be seen from Eq. (27) that, Wζ is not an iden-

tity matrix because of the calibration error. Thus,

the received signal of the ith UE is

yi = β[Wζ ]i,i
rUE,i

tUE,i
xi

+ βrUE,i

K∑
j=1,j 6=i

[Wζ ]i,j
1

tUE,j
xj + ni, (28)

and the SINR of the ith UE is

γi =

β2 · ρ ·
∣∣∣∣rUE,i

tUE,i

∣∣∣∣2 · ∣∣∣[Wζ ]i,i

∣∣∣2
β2 · ρ · |rUE,i|2 ·

N∑
j=1,j 6=i

∣∣∣[Wζ ]i,j

∣∣∣2∣∣∣∣ 1

tUE,j

∣∣∣∣2+1

,

(29)

where ρ = P
/
σ2
n. Then the ergodic sum-rates of all

UEs are

E
[
R
]

= E

[
K∑
i=1

Ri

]
= E

[
K∑
i=1

log (1 + γi)

]
. (30)

According to Eq. (29), it can be seen that only the

calibration error causes the multi-user interference

instead of the RF mismatches at the APs. Fur-

thermore, we can mitigate the impact of the cali-

bration error by increasing the transmitting power

of the calibration signals. On the other hand, we

can improve the calibration performance by using the

TLS method with diversity combining, which will be

shown in the following section.

4 Simulation results

System simulations have been carried out to illus-

trate the performance of our proposed calibration

method. A single cell distributed large-scale MIMO

system with zero-forcing downlink precoding is con-

sidered. For brevity of discussion and reproducibility

of our results, we assume that there are 16 single-

antenna APs uniformly on a circle of radius 200 m

and four single-antenna UEs uniformly on a circle

of radius 100 m. The small-scale fading of both

the transmission and calibration channels are sup-

posed to follow a Rayleigh distribution, which has

zero mean circularly symmetric complex Gaussian

random variables with variance of 1/2 per dimen-

sion. The path loss model is assumed as cd−η, where

d is the distance between the transmitter and the re-

ceiver, η = 2 is the path loss exponent, c is the me-

dian of the mean path gain at the reference distance

d = 1 km. We define ρ = cd−η · P/σ2
n and ρcal =

cd−η · Pcal/σ
2
n as the reference average SNR of the

transmission signals and calibration signals, respec-

tively. The amplitudes of the RF gains are assumed

to be of log-normal distribution, and the phases are

assumed to be of uniform distribution[8,10,11]. The

variance of the amplitude mismatches and the range

of the phase mismatches are set to be δ2 = 2 dB and

θ = π/2, respectively.
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Fig. 2 illustrates the performance of the sum-rates

as a function of ρcal when ρ = 20 dB. It can be seen

that all sum-rates increase with ρcal and achieve a

performance of perfect calibration. Moreover, with

diversity gain, the system performance improves sig-

nificantly, especially when ρcal is in the low region.
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Figure 3 Sum-rates vs. diversity Q

Fig. 3 shows the relation between sum-rates and

diversity Q when ρ = 20 dB. The average calibra-

tion SNR ρcal is set to be 5 dB, 10 dB, and 15 dB

respectively. With an increase in Q, the sum-rates

increase gradually but approach a performance limit

that is lower than perfect calibration because of ther-

mal noise. The performance with ρcal = 5 dB and

Q = 8 is the same as that with ρcal = 15 dB. Thus,

under low ρcal, we can achieve better calibration per-

formance with a diversity gain.

5 Conclusions

In this paper, we investigated reciprocity calibration

for distributed large-scale MIMO systems. In order

to exclude UEs from the calibration procedure, the

TLS method is extended to the case of partial cali-

bration, where only the APs are involved in exchang-

ing calibration signals. Furthermore, to overcome

fluctuation in channels between APs, we proposed a

scheme to obtain the diversity gain in order to im-

prove the performance and robustness of the TLS

method. Therefore, there exists a tradeoff between

the transmitting power of the calibration signals and

the diversity order.
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