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Abstract

In this paper a comprehensive calibration procedure for
MIMO system is proposed. This technique is able to
eliminate effects of the following three unwanted com-
ponents from MIMO measurement data, i.e. multi-
ple transmitters characteristic, multiple receivers char-
acteristic, and mutual coupling in array antenna ele-
ments. The numerical simulation proves that there is
an improvement in the DOA estimator employing the
proposed calibration technique compared with that em-
ploying conventional calibration or without any calibra-
tion.
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INTRODUCTION

MIMO system, employing multiple antennas both at trans-
mitter and receiver, has been getting much interest among
communication and propagation engineers. In MIMO com-
munication systems, we can increase the channel capacity
without expanding the required frequency band [1][2], if the
channel stateinformation (CSl) can be measured accurately.
In MIMO propagation measurement systems, we can esti-
mate channel parameters such asdirections-of-arrival (DOA)
and directions-of-departure (DOD) [3][4] from the accu-
rately measured CSl. In both applications, the CSI should
be measured accurately, and it is preferable not to include
the effects of multiple transmitters and receivers characteris-
tics, and mutual coupling in array antenna elements.

In this paper, a novel comprehensive calibration procedure,
that can eliminate the effects of three unwanted components
from the measured data, is proposed. The three unwanted
components are multiple transmitters characteristic (MTC),
multiplereceivers characteristic (MRC), and effect of mutual
coupling in array antennaelements(MCAA). SinceMTCand
MRC are time variant due to temperature and aging, the cal-
ibration procedure should be done on site. To accomplish
this aim, we employed transmitting signal as the reference
signal to measure the MTC and MRC asin [5]. In addition
to this, we tried to measure the MCAA aso by using this
reference signal. In the real system, however, it is just a
feedback signal, which includes al of the effects of MTC,
MRC, and MCAA, can bemeasured. Thereforeitisvery dif-
ficult to distinguish the effect of MCAA from the feedback
signal as described in [6]. To combat this problem, an ac-
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tive antenna structure was newly introduced. This structure
actively controls the impedance of antenna elements that en-
ables port extension technique asin anetwork analyzer. With
this structure the MTC, MRC, and MCAA can be extracted
from thefeedback signal. Finaly theMTC and MCAA form
the compensation matrix for transmission, and the MCAA
and MRC form that for reception.

TARGETS FOR CALIBRATION

First of al, it is better to clarify what are the targets for
calibration. Given am-element array antennawith scattering
matrix of S € C™*"™, m-branch transmitter with transfer
matrix H, € C™*™, and m-branch receiver with transfer
matrix H, € C"™*™ asin Fig.1, the compensation matrix
for transmission C'; € C"™*™ and that for reception C,. €
C™m*™ are expressed as

C,=H;'(I+8)"! (1)

CT:(I_S)_lH;la (2)

where (I +S) and (I — S) describe the effect of MCAA for
transmission and reception.

Derivation of these equations are given as follows. Given
an impedance matrix Z of array antenna and an impedance
meatrix Z j, of loads, wewould liketo describetherel ationship
between RF transmitting voltage vector v2F (t) € C™ or RF
receiving voltage vector v2F () € C™ and resulting excited
voltage vector vt () € C™ on array antenna. If we define
an excited current vector on array antennaas i (t) € C™,
the following two circuit equations are established.

,Uant(t) _ Z,L-ant (t) + ’U,}?F(t) (3)

ot (t) _ _ZLiant (t) + ’U?F (t) (4)

Eliminating i (t) from Eq.(3) and (4), the desired relation-
ship can be obtained as

1 1
v (t) = 5(1 — S)vf‘F(t) + §(I+ S)va(t), (5)
where we used the transformation

S=(Z+2Z,)"Z-Z,). (6)

From Eq.(5), we could understand that (I +.S) and (I — S)
describe the effect of MCAA for transmission and recep-
tion. From another point of view, it is noted that the effect
of MCAA can be measured either with the known v2F (¢)
or v2F(t). The calibration technique with v (t) is es-
tablished for example in [6]. But it is not suitable for the



on-site calibration, since it requires the known v (¢) asin
an anechoic chamber.
In addition to the effect of MCAA, the MTC and MRC are
considered as follows. If the transmitters and receivers are
well isolated, that means H ; and H ,. are diagonal matrices,
the RF signals v (¢) and v2"*(t) and baseband signals
v,(t) € C™ and v, (t) € C™ arerelated as

RF

o (1) H v,(t) (7)
v, (t) H, v (t). (8)
Substituting theseinto Eq.(5) and with some duplex, the next

two equations are established, that describe the target system
for transmission and reception.

v

(1) (I + S)H v, (1) )

(10)

1
T2
SHL(I = S)of (1)

v, ()

Finally we could derive the compensation matrices described
in Eq.(1) and (2).

In these equations, it should be noted that H, and H , are
slowly varying due to temperature and aging. Therefore on-
sitecalibration isindispensable. It isour goal to estimate C',
and C.. in such a situation.

\

Figure 1. Target MIMO system.

COMPREHENSIVE CALIBRATION

To accomplish on-site calibration, the transmitting signal
vector v, (t) isused asreference signal, and then the received
feedback signal vector v,.(¢) is expressed as

’U,«(t) = HTSHSUS(t) = Hoffvs(t)- (11)

In this formulation, it is impossible to distinguish .S from
the feedback signal unless some special techniquesareintro-
duced.
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In our proposal, we have introduced the active antenna struc-
ture asillustrated in Fig. 2. It controls the impedance of an-
tenna element actively. In this case, the antenna impedance
can be seen Z(on) = oo with switch on and Z(off) = Z
with switch off from the circuit side. With switch on, the
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Figure 2. An example of active antenna structure.

following additional information can be measured

v,=H.Hwv,=H,V,. (12)

With respect to H, and H,., relative expressions H , and
H, are enough for calibration purpose. By using Eq. (11)
and Eq. (12), H,, H,, and S are solved as follows. Firstly,
for convenience, the following matrices are defined

H, = diag(H,)diag(H;")” (13)

H, = diag(H ,)diag(H, )", (14)

where the operator diag selects the diagonal components
from the matrix and puts them into a vector. These matrices
include the relative values of all of the combination of ele-
mentsin the transfer matrices. Therefore we can reconstruct
the relative transfer matrices H ; and H . from H, and H,
easily. Inpractice, sincetheestimatesof H , and H . include
noise components, it is better to choose the well conditioned
components, which have high SNR, to reconstruct H , and
H,.. By using these expressions, H , and H , are calculated
as

H,=.\/M, /M, — H, (15)
I‘i,«z. MQ.XM1—>1€IT (16)

where ../, .x, and ./ mean element-wise calculation, and
memories M, and M, are

M = (Hoyf)./(Hogp)" (17)

M, = diag(H,,)(diag(H,,))"" (18)
By using these estimates the scattering matrix .S is absol utely
estimated as

~ -1 ~—1 _
S=H, (Hos)H, HonH .

on)?

(19)



where H,,, = H, H ;.
Finally the compensation matrices, C; and C., could be
formed by using H, H,- and S.

IMPLEMENTATION ISSUES

We should clarify what are needed to implement the proposed
calibration method. In the TDD system, m circulators and
m PIN diode switches are required as in Fig.2. On the
other hand, in the FDD system m additional transmitters for
calibration of receivers, m additional receiversfor calibration
of transmitters, and m more PIN diode switches are needed
asillustrated in Fig.3 in addition to the m circulators and m
PIN diode switches.

calibration hardware for transmitter

Figure 3. Additional hardware for comprehensive cali-
bration in FDD system.

Theseconsiderations arejust examples. Other configurations
are also possible.

NUMERICAL SIMULATION

In the numerical simulation, the proposed calibration algo-
rithm was used in a DOA estimator. The DOA estimation
error was evaluated with and without calibration. The ES-
PRIT [8] algorithm was employed as a DOA estimator, and
asimple single wave and no noise situation was assumed as
illustrated in Fig.4. Table 1 showsthe MIMO system config-
uration. The scattering matrix .S, that indicates the amount
of MCAA, is calculated by using the method of moments
(MoM) asin [7]. The power of S matrix is visualized in
Fig.5. If thereisno MCAA, only the diagonal elements have
meaningful power. From thisfigure, we could understand the
effect of MCAA, especialy the characteristic difference be-
tween the end elements and the central elements of the array
antenna. Inthese conditionsthe DOA estimation errors were
evaluated as in Fig. 6 by changing the DOA setting angle
calculated from the broadside of the ULA. From this result,
we could confirm the effectiveness of comprehensive cali-
bration that could achieve amost negligible estimation error.
It should also be noted that the MRC calibration as in [5]
does not reduce the DOA estimation error substantially. In
another simulation, we could confirm almost the same result
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inaDOD estimator. This result indicates the validity of the
proposed calibration in transmission aswell asin reception.

Table 1. Simulation condition.

array antenna 8-element ULA
antenna element half-wave dipole
element spacing half-wave
active switch ON: 1[Q?] OFF: oo[]
amp. variationin MTC +3[dB] UR
phase variation in MTC +5[deg] UR
amp. variationin MRC +3[dB] UR
phase variation in MRC +5[deg] UR

ULA: Uniform Linear Array UR: Uniform Random

90[deg]
I . . one plane wave
|| \ <noenaes
\ e L
______ 11_ ---1 _0[_d9g]_ - _:4...................._ .

-90[deg]

Figure 4. Simulation scenario for DOA estimation.

CONCLUSION

The comprehensive calibration procedure for MIMO system
was proposed. This technique can eiminate the effect of
the following three components from the MIMO measured
data, multiple transmitters characteristic, multiple receivers
characteristic, and effect of mutual coupling in array antenna
elements. The numerical simulation proved that there is an
improvement in the DOA estimator employing the proposed
calibration technique compared with that employing conven-
tional calibration or without any calibration.
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Figure 6. DOA estimation error with and without calibra-
tion.
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