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In this paper, we investigate array calibration 
algorithms to derive a further improved version for 
correcting antenna array errors and RF transceiver errors 
in CDMA smart antenna systems. The structure of a 
multi-channel RF transceiver with a digital calibration 
apparatus and its calibration techniques are presented, 
where we propose a new RF receiver calibration scheme to 
minimize interference of the calibration signal on the user 
signals. The calibration signal is injected into a multi-
channel receiver through a calibration signal injector 
whose array response vector is controlled in order to have 
a low correlation with the antenna response vector of the 
receive signals. We suggest a model-based antenna array 
calibration to remove the antenna array errors including 
mutual coupling errors or to predict the element patterns 
from the array manifold measured at a small number of 
angles. Computer simulations and experiment results are 
shown to verify the calibration algorithms. 
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I. Introduction 

A basestation system using an adaptive array antenna is 
expected to increase its maximum range and capacity due to an 
improved antenna gain and the reduction of interference from 
other spatially separated users [1], [2]. Beamforming 
algorithms often assume that the array antenna has no errors 
and that the multi-channel transceiver has an identical transfer 
function. However, the spatial signature of the baseband 
receive/transmit signal is significantly different from that of the 
RF receive/transmit signal. This is because the transfer 
functions of the RF transceivers are different from each other. 
Therefore, knowledge of such errors is essential for the 
beamforming algorithms using the spatial signature of the RF 
receive/transmit signals. Some adaptive algorithms such as the 
recursive least square and least mean square algorithms are not 
sensitive to the errors induced in the uplink beamforming. 
Nevertheless, we need an accurate estimate of the transfer 
function of the multi-channel transceiver because the spatial 
signature of the RF receive signal at the antenna array is 
essential in the downlink beamforming [3], [4]. The 
performance of a smart antenna system can also be degraded 
by antenna array errors such as mutual coupling between 
antenna elements and scattering by the antenna structure or 
nearby scatterers [5]. Since a basestation system with three 
sectors has to scan one 120° sector angle, the spacing between 
antenna elements should be small to eliminate the grating lobe 
where contrarily the mutual coupling error becomes larger. The 
antenna array errors will distort the array beam pattern and 
result in an increased sidelobe level which means an increased 
interference to other users and reduced array gain. 

Algorithms to calibrate both antenna array and the receiver 
simultaneously by using an external source transmitting 
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calibration signals at known or unknown directions have been 
developed for other array antenna system applications [6]-[8]. 
However, it is difficult to directly use these algorithms for 
smart antenna applications because the received signals at the 
basestation antenna array have many multipath components 
with different angles of arrival (AoAs). In particular, since the 
antenna array error is a function of frequency, the array errors at 
the transmit frequency cannot be estimated from the received 
signals in the frequency division duplex smart antenna systems. 
Therefore, it is more advantageous to calibrate the antenna 
array and transceiver separately [9].  

For an RF transceiver calibration, the calibration should be 
done during a system operation called ‘on-line calibration’ 
because the transfer function can change with temperature and 
humidity. In particular, the transfer function of a receiver is a 
function of the receiver gain instantaneously being changed by 
the automatic gain control. A blind calibration algorithm using 
the minimum mean square error algorithm was proposed [10]. 
It requires only the receive/transmit signals and does not 
require any calibration signal for estimating the transfer 
function. Usually, the transfer function is estimated by injecting 
a known calibration signal into each transceiver via passive RF 
components such as a power splitter (or switch) and directional 
coupler, whose transfer functions are measured before system 
installation [9]. The calibration signal should be injected into 
the multi-channel receiver with time intervals short enough to 
track the change of the receiver gain, and its power should be 
small enough not to be an interference to the user signals 
received through the antenna array. In this paper, a method of 
injecting the calibration signal into a multi-channel receiver is 
proposed to reduce the interference to the user signals. 
Discussions on a multi-channel transmitter calibration for the 
CDMA smart antenna system are also provided. 

For the antenna array calibration, an ‘off-line calibration’ 
estimating the error before system installation is more desirable 
because the characteristics of the antenna hardly changes. Several 
model-based antenna array calibration techniques were proposed 
and experimentally evaluated [11], [12]. They assumed that the 
mutual coupling error is independent of angle under a single-
mode assumption, meaning that the shape of the current 
distribution at the antenna elements does not change with the 
beam directions. Thus, the antenna array errors can be modeled as 

,)()()( θθθ Mab f=                (1) 

where b(θ) and a(θ) denote the response vectors of the practical 
antenna array and ideal isotropic antenna array for angle θ, 
respectively. The isolated element pattern assumed to be same 
for all elements in this paper is f(θ). The error matrix M includes 
unequal feeder transfer functions as well as the mutual coupling. 

The array model in (1) will not be valid if the modeling errors 
such as the scattering by the edge of the ground plate or by 
nearby scatterers are negligible [13]. The effect of nearby 
scatterers can be reduced by a careful placement of the antenna 
array, and the effect of the finite ground plate can also be reduced 
by just extending the plate or rolling the edge [14]. The mutual 
coupling matrix is estimated by a Fourier transformation of the 
measured element patterns in [11]. This has some limitations in 
that it requires an isolated element pattern and cannot be directly 
applied for an antenna array with an element spacing smaller 
than 0.5 wavelength. The simple least square method was used 
to estimate the array error matrix [12],  

1)(ˆ −= H
ff

H
f AABAM ,              (2) 

where B=[b(θ1), b(θ2),…,b(θN)] and Af = [ f(θ1)a(θ1), 
f(θ2)a(θ2),…,f(θN)a(θN)] denote the measured manifold of the 
practical antenna array and the calculated manifold of the ideal 
antenna array, respectively. The number of collected array 
response vectors N in B and Af should be larger than the 
number of elements in the array in order to avoid the matrix 
singularity problem. As can be seen in (2), the least square 
solution also requires the isolated element pattern. It also requires 
the rotation center of the array, which is difficult to accurately 
know in a practical antenna measurement range because the 
phase center of a(θi) is determined by the rotation center.  

The rest of the paper is organized as follows. In section II, the 
RF transceiver calibration technique is described. In section III, 
the model-based array antenna calibration is presented and 
evaluated by simulation and experiment. Section IV offers 
concluding remarks. 

II. RF Transceiver Calibration 

1. RF Transceiver Calibration for CDMA Smart Antenna 
Systems 

A block diagram of the multi-channel RF transceiver for a 
CDMA smart antenna system is shown in Fig. 1, where the RF 
transceiver depicts all RX/TX modules except the array 
antenna, which can generate various unbalanced errors among 
the channels. For the multi-channel receiver calibration, an RF 
calibration signal can be injected into the multi-channel 
receiver in two ways. One way is to inject the calibration signal 
into all the receivers simultaneously (‘simultaneous 
calibration’), and the other is to inject it into each receiver 
sequentially (‘sequential calibration’). To estimate the transfer 
function of all the receivers in a predetermined calibration 
period, the sequential calibration has to estimate a transfer 
function of each receiver for the time duration, which is M 
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Fig. 1. Block diagram of the multi-channel RF transceiver. 
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times smaller than the calibration period. M is the number of 
radiating elements in the antenna array. Therefore, the 
calibration signal power for the sequential calibration should be 
M times larger than that for the simultaneous calibration to 
estimate the transfer function with the same accuracy. 

For the simultaneous calibration, the RF calibration signal is 
divided into M channels and simultaneously injected into the 
multi-channel receiver. The RF calibration signal is down-
converted by the multi-channel receiver, and the output snapshot 
vector of the multi-channel receiver y can then be defined as  









+= ∑

i
iir tctst )()()()( αaHy θ ,          (3) 

where si(t) represents the received signal of the i-th user and 
c(t) the calibration signal. The array response vector of the i-th 
user signal coming from direction θi can be expressed as 

column vector TdMjkjkd
i

ii ee ]...1[)( )sin()1()sin( θθθ −=a , where 
k and d represent the wave number and element spacing 
between radiating elements, respectively. As shown in Fig. 2, 

] , , ,[ 21 Mααα=α  is an array response vector of the RX 
calibration signal injector (‘calibration signal weight vector’) 
and is measured before system installation. The calibration 
signal weight vector can be easily adjusted by controlling 
the length of the transmission line between the power 
divider and the coupler. The diagonal matrix is 

} , , ,{ ,2,1, Mrrrr hhhdiag=H  and each diagonal element 
represents a transfer function of the corresponding receiver. 

The RX calibration coefficient estimator correlates the output 
snapshot y with the conjugated calibration signal to estimate 
the multi-channel transfer function rĥ : 

)},()({ˆ *1 tctEr yh −Λ=               (4) 
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Fig. 2. RX calibration signal injector. 
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where T

Mrrrr hhh ]ˆ,ˆ,ˆ[ˆ
,2,1,  ,  h =  denotes the multi-channel 

transfer function estimate consisting of a transfer function 
estimate of the j-th receiver, jrh ,

ˆ , and },,,{ 21 Mdiag ααα=Λ  
is a matrix representation of calibration signal weight vector α. 
The calibration coefficient matrix Cr, an inverse of rĤ , can 
be represented by 

}.ˆ,ˆ,ˆ{ 1
,

1
2,

1
1,

−−−= Mrrrr hhhdiag  ,  C          (5) 

The RX error corrector removes the transfer function by 
multiplying the received snapshot vector using the calibration 
coefficient matrix as follows: 

.)()()()( ∑ +≈=
i

iir tctst αayCz θ           (6) 

To acquire a more accurate calibration coefficient, the 
calibration signal power, },)({ 22 tcEc =σ should be 
increased, which will also result in an increase in interference 
to the user signals si(t). In CDMA basestation systems, a data 
sequence with small power and a long duration can be used as 
a calibration signal to reduce the interference. Nevertheless, it 
can still create interference to each user signal because the 
calibration signal power 2

pσ  might be larger than each user 
signal power })({ 22

, tsE iis =σ  when the capacity of the 
basestation is increased with the benefit of smart antennas. A 
method of reducing this interference is proposed in this paper. 

The calibrated signals are distributed to K beamformers, and 
each beamformer performs spatial-filtering using weight vector 
wi. Provided that the transfer function error is removed 

perfectly, the user signal power to calibration signal power ratio 
at the i-th beamformer output is denoted by 

2

2
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where 22

c
H
icP σαw= and 2

,

2

, )( isi
H
iisP σθaw=  denote 

the residual calibration signal power and the signal power of 
the i-th user at the beamformer output, respectively. Note that 
the residual calibration signal power at the beamformer output is 
a function of the calibration signal weight vector as well as the 
calibration signal power. Since the user signals arrive at the 
basestation within a ± 60o angular region, the beamforming 
weight wi  usually has a high correlation with the array response 
vectors for the angles within the sector angle region. Therefore, 
the residual calibration signal power will be reduced at the 
beamformer output if the calibration signal weight vector α is 
chosen in such a way that it has a low correlation with the array 
response vectors for the angles within the sector angle region. 

For the multi-channel transmitter calibration, a baseband 
calibration signal is injected into a multi-channel transmitter via 
a TX calibration signal injector. The baseband calibration 
signal is up-converted by a multi-channel transmitter to the RF 
frequency. A TX calibration signal extractor comprises a 
plurality of couplers and a switch, as shown in Fig. 3. 

Each coupler extracts a small portion of the transmit signal 
energy from the corresponding transmitter. The switch 
connects one of the couplers to the TX calibration coefficient 
estimator. The TX calibration coefficient estimator down- 
converts and analyzes the RF transmit signal to estimate the 
transfer function of the selected transmitter. The process of 
 

 

Fig. 3. TX calibration signal extractor. 
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estimating the transfer function, eliminating the array response of 
the TX calibration signal extractor and calculating the calibration 
coefficient, is similar with the multi-channel receiver calibration. 
The significant difference is that the multi-channel transmitter 
calibration does not suffer from noise in estimating the transfer 
function. Since all the user signals are spread by orthogonal 
codes in the downlink of CDMA communication systems, the 
calibration signal assigned by a specific orthogonal code is also 
orthogonal to all other user signals. 

The simultaneous calibrations can be applied for the 
transmitter calibration if an M number of orthogonal codes are 
assigned to each transmitter. A sequential calibration using only 
one orthogonal code can also be successfully applied since the 
RF gain of the transmitter in the CDMA basestation system 
hardly changes; therefore the transfer function can be estimated 
by a calibration signal with a small power in a short time period. 
The digital transmit signal for each transmitter is multiplied by 
the corresponding calibration coefficient to correct the transfer 
function errors, thereby making the spatial signature of the RF 
transmit signal the same as the beamforming weight vector. 

2. Computer Simulations 

Figures 4(a) and 4(b) show the root mean square amplitude 
and phase errors for the transfer function estimate, respectively. 
The single frequency sinusoidal signal is used as a calibration 
signal. The x axis is the effective integration time, which is 
defined as the time divided by the period of the calibration 
sinusoidal signal. In the simulation, the calibration signal power 
to noise ratio is set to 0 dB. As expected, the root meat square 
errors become smaller as the integration time becomes longer. 

Figure 5 shows the residual calibration signal power Pc at the 
beamformer output. It is assumed that the beamformer uses an 
array response vector of the user signal as a beamforming 
weight vector, wi=a(θi). The solid and dashed lines are for the 
sequential calibration and simultaneous calibration, 
respectively. The number of radiating elements in the array, M, 
is set as 12, while the element spacing d is set as a 0.5 
wavelength. The injected calibration signal power 2

cσ  for the 
simultaneous calibration is set to 1, where the calibration signal 
power for the sequential calibration is M times larger than that 
for the simultaneous calibration to compensate for the M times 
shorter integration time. The calibration signal weight vector is 
set to e=[1 0 … 0]T for the sequential calibration. Thus, the 
residual power that does not depend on the beamforming 
weight vector at the beamformer can be calculated as 

[ ] .8.10)(log10
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Fig. 4. Transfer function estimation error. 
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Fig. 5. Calibration signal power at the beamformer output 
(wi=a (θ i), Μ =12). 
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When the calibration signal weight vector α  is set to  
a(90°) for the simultaneous calibration, the residual calibration 
signal power can be expressed by 
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Figure 5 shows that the residual calibration signal power for 
the simultaneous calibration is smaller than that for the 
sequential calibration within the ± 60o angular region. 

III. Antenna Array Calibration 

1. Model-Based Antenna Array Calibration 

With the antenna array model, the array errors can be easily 
corrected by multiplying the transmit/receive data or weight 
vector by the inverse of the estimated error matrix. With error 
correction, all the elements in the array will have the same beam 
patterns, which is important for the sidelobe reduction in the 
beamforming and common downlink physical channels. In the 
CDMA basestation system, the common downlink physical 
channels such as the common pilot channels, paging channel and 
synchronization channel should be transmitted through an 
antenna beam without power fluctuations within the sector angle 
region. Therefore, if the element pattern fluctuates due to the 
mutual coupling error, an additional radiating element is needed 
for those channels. However, one of the radiating elements in the 
array can be used if the mutual coupling error is corrected. 

The antenna array model is also useful for the smart antenna 
system requiring the measured array manifold for the AoA 
estimation. This is because the element patterns can be 
predicted from the array manifold measured at a small number 
of angles;  the measurement time will then be significantly 
reduced in the mass production of the antenna array. 

In this paper, a subspace optimization technique is used to 
overcome the limitations of the other algorithms proposed in 
[11], [12]. This technique estimates the error matrix M that 
minimizes the following cost function, 

2

1
))((min∑

=

=
N

i
i

H
iQ UMa

M
θ ,          (10) 

where N denotes the number of angles at which the array 
response vectors are measured and Ui denotes a matrix whose 
column vectors are orthogonal to the measured array response 
vector b(θi). We have 
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where ui, j(j=1, 2,…, N–1) can easily be calculated from the 

noise eigenvectors of matrix Ri=b(θi) b(θi)H. If the array 
response vector b(θi) is measured in the antenna measurement 
range then the multipath signal power is small enough. In this 
case, the number of noise eigenvectors is N-1. Since the cost 
function utilizes the property of the vector orthogonality, it is 
not very sensitive to the isolated element pattern and/or center 
of the array. The optimum solution of (10) can be solved by 
finding the vector m that minimizes the cost function  

( ) mAUUAm
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=

N

i
i

H
ii

H
i

HQ
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where m is a vector expression of the error matrix M, i.e., 
Mai=Aim. M can be any kind of matrix as well as the 
symmetric matrix assumed in [15]. Under the constraint of 
[M]1,1=1, the quadratic minimum of Q is 

eGe
eGm 1

1

−

−

= H ,                  (13) 

where e = [1 0… 0]Tand ( )∑ =
=

N

i i
H
ii

H
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AUUAG . 

2. Computer Simulations 

To evaluate the model-based antenna array calibration, an 
electromagnetic simulation was made for the microstrip 
antenna array with eight elements. All the antenna elements 
have about a 60o half-power beam width and only the mutual 
coupling error is included. The spacing between radiating 
elements is a 0.47 wavelength, and the mutual coupling 
between the neighboring elements is –14 dB in the simulation. 
The length of the ground plate is assumed to be infinite. 
Figure 6(a) shows the normalized element patterns calculated 
by electromagnetic simulation. The solid lines represent beam 
patterns for the left four elements and the dashed lines for the 
right four elements. Note that all the element patterns have 
fluctuations due to the mutual coupling. The array manifold for 
the angles, equally spaced from - 60° to 60° with 10° intervals, 
is used to estimate the mutual coupling matrix. Figure 6(b) 
shows the element patterns after error correction. The mutual 
coupling error was corrected by multiplying the measured 
array manifold B by an inverse of the estimated error matrix, 

1ˆ −M . All the elements have the same beam patterns after error 
correction, which means that the antenna array model works 
very well when only the mutual coupling error is included. 

Figure 7 shows the effect of a mutual coupling error on the 
beamforming. The antenna array is controlled to steer the 50° 
angle and a window is applied to reduce the sidelobe level. 
Figures 7(a) and 7(b) represent the array beam patterns without 
and with error correction. The dashed line represents the array 
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Fig. 6. Simulated element patterns. 
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beam pattern of the ideal antenna array gideal(θ) such that 

gideal (θ) = f(θ) [Λa(45˚)]Ha(θ),         (14) 

where Λ denotes the diagonal matrix whose diagonal terms 
denote the window value for the corresponding element and 
f(θ) is the isolated element pattern calculated from the 
simulation. The solid lines in Figs. 7(a) and 7(b) respectively 
represent the uncalibrated array beam pattern guncal(θ) and the 
calibrated array beam pattern gcal(θ) such that 

guncal (θ) = [Λa(45˚)]Hb(θ)            (15) 

and 

),()( θθ bw H
calcalg =               (16) 

where HH
cal }ˆ)]45({[ -1Maw Λ= denotes the modified 

beamforming weight vector to correct the mutual coupling 
error. If the estimated mutual coupling matrix 1ˆ −M  is close to 
the true coupling matrix, the calibrated array pattern gcal(θ) will 
be similar to the ideal array pattern according to the antenna 

array model in (1). Figure 7(a) shows that the uncalibrated 
array pattern has a relatively higher sidelobe compared to the 
ideal beam pattern, which will lead to higher interference to 
other user signals. However, Fig. 7(b) shows that the calibrated 
array pattern has almost the same beam pattern as the ideal one. 
 

 

Fig. 7. Beam pattern of the antenna array steering at 50°. 
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3. Experiment Results 

An experiment using a uniform linear array with eight 
printed dipole elements was conducted to evaluate the model-
based antenna array calibration. The antenna array was built 
and measured using the ElectroScience Laboratory in Ohio 
State University. Figure 8 is a photograph of the printed dipole 
antenna array. The inter-element spacing is 5 cm and the 
aluminum ground plate is 40 cm wide and 24 cm high. No 
effort to reduce the edge scattering of the ground plate is made 
to investigate the effect of the modeling error. 

Figure 9(a) shows the measured element patterns before 
error correction. The solid lines represent the beam patterns for 
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Fig. 8. Photograph of the printed dipole antenna array.  
 

 

Fig. 9. Measured element patterns. 
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the left four elements and the dashed lines for the right four 
elements. Note that all the elements, especially the edge 
elements, have asymmetric patterns due to the edge scattering. 

The ripples in the patterns are mainly due to the mutual 
coupling. The measured array manifold for angles equally 
spaced from –60° to 60° with 10° intervals is used to estimate 
the error matrix. Figure 9(b) shows the element patterns after 
error correction. Due to the modeling errors such as the edge 
scattering, the element patterns are somewhat different from 
each other for the angles outside the sector angle region. In 
particular, the first and eighth elements have significantly 
different patterns from those of the other elements, which is 
due to the fact that the edge scattering is more dominant for 
those elements. However, the pattern deviation is less than 0.5 
dB within a ± 60o angular region. 

Figure 10 shows pattern prediction examples for the first and 
fourth antenna elements. The solid lines represent the measured 
patterns and the dotted lines the predicted patterns. The element 
patterns are predicted by the relationship in (1), in which the 
isolated element pattern f(θ) was assumed to be isotropic. In 
the case where the isolated element pattern is not isotropic, it 
can be estimated by averaging the calibrated element patterns, 
which are shown in Fig. 9(b). The prediction error for all 
elements in the array was less than 0.5 dB within the sector 
angle region in the experiment. 
 

 

Fig. 10. Element pattern prediction. 
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IV. Conclusions 

In this paper, array calibration algorithms to calibrate both 
the multi-channel RF transceiver and antenna array for the 
CDMA smart antenna system were investigated.  

For the RF transceiver calibration, the structure of the multi-
channel RF transceiver with the digital calibration apparatus 
and the calibration techniques were presented. A new RF 
receiver calibration scheme was proposed to reduce the 
residual calibration signal power at the beamformer. This 
residual signal power can be reduced by adjusting the 
calibration signal weight vector such that it has a low 
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correlation with the array response vectors of the user signals 
incoming to the antenna array. Due to the code orthogonality in 
the downlink, the multi-channel transmitter calibration does not 
suffer from the interference from the transmit user signals for 
the CDMA smart antenna system. 

For the antenna array calibration, a model-based antenna 
array calibration was discussed to be applied for smart antenna 
systems using an electromagnetic simulation and experiment 
results. The experiment results showed that it works well 
within the sector angle region even in the presence of edge 
scattering. With the array calibration technique, all the elements 
had almost the same beam patterns and little power fluctuations. 
Therefore, one of the radiating elements in the antenna array 
can be used for transmitting the common downlink physical 
channels without using an additional radiating element. It was 
also shown that the element patterns can be predicted from the 
array response vectors measured at the small number of angles. 
In fact, this approach will be very useful for the mass 
production of the antenna array.  
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