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Phased Array Calibration
Ron Sorace, Senior Member, IEEE

Abstract—Calibration of a phased array antenna while the an-
tenna is in service can be a complex and time-consuming proce-
dure that affects use of the antenna and imposes an unacceptable
overhead on the system. The procedure described herein uses a
maximum likelihood algorithm to minimize the number of mea-
surements, thus reducing the impact on the system and shifting the
overhead to a remote site.

Index Terms—Antenna measurements, calibration, phased
array calibration.

I. INTRODUCTION

A PLANAR phased array antenna as depicted in Fig. 1 con-
sists of an array of elements for transmission or

reception of radiation. The radiating elements are fed with one
or more signals whose amplitudes and phases are determined
to form a beam in a specified direction. In Fig. 1, for example,
three signals are fed to or received from each radiating element.
The signal at each element is the sum of the three signals with
phase shifting and attenuation dictated by the desired direction
of the beam for each of the radiated signals.

Since accurate pointing of a beam of a phased array antenna
demands precise control of phase and amplitude, exact knowl-
edge of the gain and phase of the electronics is essential. How-
ever, the parameters of electronic components vary with tem-
perature and can drift over time. Hence, periodic calibration of a
phased array may be necessary to ascertain phase and amplitude
corrections for each element. Calibration may be performed by
pointing an unused beam of the array at a fixed location and
transmitting or receiving signals that permit calibration of indi-
vidual elements. Performance of the calibration in a closed-loop
mode may be desirable to conserve power or contain processing
complexity for systems such as arrays on satellites. For example,
a transmit array may be calibrated by sending a signal to the sta-
tion, but the signal may have originated at the station. Similarly,
a receive array may be calibrated by receiving a signal from the
station, and the signal may be returned to the station. To cali-
brate the entire array, the procedure must be repeated for each
element of the array. Note that pointing a beam at a fixed sta-
tion assumes that dependence of calibration on direction is neg-
ligible. If parameters are sensitive to pointing direction, then an
alternative such as multiple stations must be implemented.

To calibrate a beam for a single element of an array, the phases
of all elements for that beam are set to the current corrected
phase state for pointing the beam at the fixed station. The set-
tings for this beam position are regarded as the 0state. Typi-
cally, the phase corresponding to the beam for the element being
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Fig. 1. Phased array antenna with three beams.

calibrated is cycled through all possible phase settings [1], and
the received or transmitted power is measured at each setting.
Repetition of the cycle allows the receiver at the fixed terminal
to integrate multiple measurements of the power to improve the
signal-to-noise ratio of the measurement. After sufficient data
are acquired, the difference between the setting giving max-
imum power and the assumed 0setting is taken to be the cal-
ibration offset. The procedure is repeated for each element in
the array, and the previous phase correction for each element is
adjusted based on the detected error. A new correction value is
established for each element, and the phase calibration and cor-
rection of the array are repeated until the phase errors converge
below an acceptable level. The potential impact on the service
of the array depends on the number of repetitions, the number
of phase settings, and the time for measurement at each setting.

The proposed method of calibration reduces the potential
overhead by reducing the number of phase settings at which
measurements must be performed. Measurements at four
orthogonal phase settings [2] yield sufficient information
to obtain a maximum likelihood estimate of the calibration
offset. To perform calibration, the phases of all elements for
a given beam are initialized for pointing at the fixed station
as described previously. These settings again constitute the 0
setting. Subsequently, the phase of an element is sequenced
through the phase states corresponding to 180, 90 , and
270 relative to the reference state. The element phase error is
calculated from power measurements at the four phase states,
and the procedure is repeated for each element in the array.
As in the previous approach, additional measurements may be
used to improve signal-to-noise ratio, and the procedure can be
repeated to achieve desired accuracy within resolution of the
phase shifters, since the algorithm is intrinsically convergent.
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Fig. 2. Array calibration signal structure.

II. CALIBRATION SIGNAL STRUCTURE

Fig. 2 illustrates the calibration sequence generated by the
array. The sequence, which is repeated times, starts with
a synchronization time during which the phase of every
odd-numbered element is switched by 180to produce a signal
null. This null is followed by a dwell time during
which all array elements remain at their 0state and one rep-
etition of the element phase sequence for each element in the
array. The individual element phase sequence starts with a syn-

chronization time during which the element remains in
its 180 state to mark the beginning of the element transmission.
This is followed by repetitions of the calibration frame during
which the phase of the element is switched through a phase pat-
tern. The times given in Fig. 2 summarize the timing parame-
ters for the calibration sequence as realized for an application in
satellite communications.

The calibration frame pattern is shown at the bottom of Fig. 2
and is constructed to accommodate large phase errors. A phase
transition from the 0 state to the 180 state is held for
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Fig. 3. Measurement block diagram.

a time to provide unambiguous synchronization and
a power measurement at the receiver. Subsequently, the
phase is toggled by 90, 270 , and 0 between states
and with corresponding power measurements and

being performed.
Special cases occur within the frame pattern when the ele-

ment phase error is close to one of four values. When
is approximately either 90or 270 , and are approx-
imately equal, and the transition from to may not be
detected. However, the transition from to at the end of
the frame synchronization will be detected, as will the transi-
tions from to and from to at the start of the
second repetition of the phase pattern. Similarly, whenis ap-
proximately either 45or 235 , and are approximately
equal, so the transition from to may not be detected.
In this case, the transition from to at the beginning of
the long pulse will be detected, as will the same transition at
the start of the second repetition of the phase pattern. Thus, the
phase pattern can be correctly synchronized in all cases.

III. SIGNAL DETECTION

As described previously, the calibration signal consists of
a sequence of phase transitions to states and

and with power measurements and
performed in each state. The measurement system is depicted
in Fig. 3 and consists of a narrow-band filter followed by a
quadratic detector whose output voltage is proportional to the
power of the radio-frequency (RF) signal. Quadratic detection
is preferable to a correlation receiver, which requires carrier
recovery that is susceptible to timing variation.

The received voltage at the input to the power detector when
all elements are set to their nominal phases can be written

(1)

where
transmitted frequency;
phase offset of the th element relative to its nominal
value;
RF voltage from the th element;

narrow-band thermal noise, which is uncorrelated be-
tween samples.

The narrow-band noise is
where and are the in-phase and quadrature com-
ponents, respectively. These components are independent and
identically distributed Gaussian processes having zero mean and
variance with 2 the noise power density and 2
the bandwidth of the filter. Introducing a phase ofon the th
element yields

(2)

at the input to the power detector. The output from the power
detector is the square of the envelope of its input

(3)

where

and

The output of the power detector is sampled at a time interval
so that the samples are uncorrelated. The sampled

output of the power detector is

(4)

where the variables and are Gaussian variables as de-
scribed previously. For each element, the statisticis a noncen-
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tral chi-squared random variable with two degrees of freedom
and density

(5)

with noncentral parameter

(6)

The mean and variance of the statisticare

(7)

(8)

respectively, and in (5) denotes the modified Bessel func-
tion of the first kind of order zero.

IV. PHASE AND AMPLITUDE ERRORESTIMATION

If samples of the output of the power detector are averaged
to form the statistic

(9)

with the samples of being independent, then the statistic
is a noncentral chi-squared random variable having 2degrees
of freedom with noncentral parameter

(10)

The density of is

(11)

with mean

(12)

and variance

Var (13)

The statistic is an unbiased estimate ofsince

(14)

and it is asymtotically efficient.
Although the tendency might be to seek maximum- likelihood

estimates for the phase variation and the amplitude varia-
tion by solving the gradient of the likelihood function, the
expression in (14) provides a more immediate approach. The
chi-squared distribution is approximately Gaussian about the
mean for large degrees of freedom, and the sample meanis

asymptotically efficient. From (14), note thatis a biased es-
timate of and that may be solved for and from (6)
and the expressions for and following (3). The bias in the
sample mean may be removed by considering of the differences

and , which are unbiased estimates

(15)

(16)

Note that the element index is understood for the statistics
, and the power is measured for each phase setting of each

element. Since only the phase of theth element is varying,
the sum of the other element voltages forms the reference, i.e.,

, which gives

(17)

(18)

Hence, the estimates of the phase and amplitude variations be-
come

(19)

(20)

The deviations of these estimates are readily derived from first-
order differentials

(21)

(22)

Since the elements are driven approximately equally,
for all and . Using the approximation
gives the errors

(23)

where denotes the power of theth element. The
deviation of the phase error estimatefrom (23) is plotted in
Fig. 4 and indicates that an accuracy of 2requires approxi-
mately 12 iterations at a signal-to-noise power ratio of approx-
imately 13 dB per element.

Since the residual phases of all elements other than theth
were disregarded in (17) and (18) and the subsequent analysis,
the estimates of and are relative to the aggregate of the
other elements. Note that this reference varies depending on
which element is being tested. Hence, caution must be exercised
to update the element corrections only after calibration of the
entire array.
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Fig. 4. Error deviation of phase correction.

V. PHASE PATTERN DETECTION AND SYNCHRONIZATION

The transition in the phase sequence at the initiation of cali-
bration must be immediately detectable to achieve synchroniza-
tion. A transition in phase from to is detected by comparing
the difference to a threshold , which is set nominally
at the midpoint of the range

(24)

The probability of this transition’s being detected is

(25)

In particular, the false alarm rate is

(26)

and the probility of detection is

(27)

where the noncentral chi-squared density is given by (5).
These integrals are difficult to evaluate, but the variable

may be approximated by a Gaussian distribution with
mean and variance
to obtain

(28)

(29)

where
, and the standard Gaussian dis-

tribution function is

(30)

The false-alarm rate is plotted in Fig. 5 for a 36-element array.
Observe that a false-alarm rate of 10requires a signal-to-
noise power of approximately 13 dB. Use of (29) indicates a
probability of detection in excess of 99%.

VI. A/D CONVERTERRANGE AND RESOLUTION

The quantization step size of the analog-to-digital (A/D) con-
verter must be sufficiently small to measure the smallest voltage
change that will occur at the output of the detector. The smallest
voltage change that is measured is the difference between the

and signals (17)

(31)

To cover the range of the possible inputs, the ratio of the A/D
converter full-scale reading to that of its least significant bit
must be greater than or equal to the ratio of the full-scale voltage
to the minimum detectable voltage step. The full-scale voltage
is proportional to the peak RF power

(32)
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Fig. 5. Synchronization pulse false alarm rate.

so the minimum number of bits to detect a change ofin the
phase of a single element in the absence of noise is

(33)

The required minimum number of bits for a measurement res-
olution of for a 36-element array is 8.05. However,
the signal-to-quantization-noise ratio must be at least 10 dB
greater than the signal-to-noise-power ratio to preclude degra-
dation from quantization. For a peak loaded A/D converter, this
ratio is approximately 6.02 1.77 dB, so that 8 bits is almost
40 dB above the signal-to-noise-power ratio.

VII. CALIBRATION TIME

The sample interval of must be chosen according to the
Nyquist criterion relative to the input filter bandwidth, and the
filter bandwidth must be chosen to limit the input noise while
passing the desired signal. From Fig. 2 the total time for cali-
bration is

(34)

where the pulse width may be taken as, the number of array
elements is , and the number is the total number of
phase sequences in the calibration procedure.

VIII. I MPERFECTPHASE AND AMPLITUDE CONTROL

The derivation of the phase and amplitude estimators in (19)
and (20) assumes perfect amplitude and phase control of the el-
ement signal.The in-phase and quadrature components of this
signal were denoted by and following (3). Actual
phase shifters are unlikely to give exact phase settings of 0,
90 , 180 , and 270, and real attenuators may not permit exact
control of the amplitude . However, errors in the settings are
deterministic and may be measured. Denote the phase settings
of the th element by with corre-
sponding signal components

having amplitudes and phase offsets which contain im-
perfections and amplitude errors. Following the same rationale
that led to (17) and (18) gives

(35)

where

Evaluation of (35) at and yields

(36)

and similarly for and

(37)

The subscript indicating the element has been omitted on the
amplitude and phase variations and on the power measurements

for simplicity in (36) and (37) since this dependence is under-
stood. These expressions may be written as

(38)

with
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The equations in (38) are easily solved forto obtain the es-
timate as shown in (39) at the bottom of the page where the
amplitudes and phase offsets are from measurements.
Solution of the linear equations following (38) for the ampli-
tude estimates gives

(40)

It must be emphasized that the estimators (39) and (40) for the
phase and amplitude variations are not closed-form expressions
since the coefficients and depend
on these variations. Hence, the estimates must be solved by an
iterative procedure. Further, observe that since there are power
measurements at four phase settings for each element, there
are 4 data measurements. Since the estimatorsand
constitute a set of variables, the estimator equations given
by (39) and (40) are dependent. This problem is circumvented
by use of (20) for initial amplitude estimates. Equation (19) can
be used for initial phase error estimates with (38) and (39) used
for iteration of the phase error.

A program was written to implement and to verify the cali-
bration procedure. The program generates the power measure-

ments with Gaussian noise and assumes known values for the
phase offsets and ideal values for the initial amplitude
estimates for each element. Using the power measurements
and (19), the program computes initial phase error estimates

initial values for the signal sums (35) for each element

and

and amplitude estimates (20)

The program iterates to compute the next values of the signal
sums

and

the coefficients (38)

(39)
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and the phase errors (39)

The iteration continued until the estimates converged within
specified limits of the previous estimates .

The iterative procedure converged differentially within two
or three iterations as expected since the derivative of the arctan-
gent is less than unity and the array and electronics should have
small variations. However, absolute convergence of the process
was dependent on the signal-to-noise ratio and the number of
samples.

To corroborate the results in (38)–(40), these generalizations
should reduce to the previous expressions (19) and (20) under
assumptions of small or negligible errors. Simplification of (35)
as in the previous section obtains

(41)

with the assumption . Writing the amplitude variations
with phase as , noting , and
ignoring terms higher than first order, i.e.,
etc., obtains

(42)

For or , the analogous results to
(17) and (18) are

(43)

(44)

with the nominal phase, the nominal ampli-
tude, and and . This simplification is
tantamount to assuming that the imperfections for each element
are uniform over the various phase settings. With this assump-
tion the estimators from (39) and (40) reduce to

(45)

(46)

These results (45) and (46), which include imperfections in
phase and amplitude control, are easily observed to reduce to
the results for exact control given in (19) and (20) when there
are no errors, i.e., and .

IX. THE CALIBRATION PROCESS

The phase error and the amplitude error for each ele-
ment from (45) and (46) contain not only the errors attributable
to the electronics but also any errors induced by attitude control
or pointing of the antenna platform. Examination of the array
factor of the antenna [3]

(47)

with and
reveals that any phase error that affects the phases

of all elements equally will not affect the directivity of the
antenna. In addition, random errors [4] with correlation times
greater than the time for calibration and systematic errors that
are invariant over the calibration period are inconsequential.
However, systematic and random pointing errors of sufficiently
short duration to affect calibration must be addressed if they
affect individual elements differently. To the extent that the
systematic errors or the means of random errors can be deter-
mined, these must be deducted from the measured errorsand

to give corrected estimates and . Any residual pointing
errors that cannot be estimated must be resolved by iteration of
the calibration procedure.

For a given calibration measurement, the beam of the antenna
is pointed using the previously determined correctionsfor
the phase and for the amplitude. Given the corrected esti-
mates and of the phase and amplitude errors, a phase cor-
rection and an amplitude correction may be computed
recursively from the previous corrections by

(48)

(49)

where is the ratio of the measured power 2 to the nom-
inal power for the th element. The scaling factors and

should be less than unity to insure convergence, and the cali-
bration and amplitude correction adjustment must be performed
iteratively until acceptable accurracy is achieved. As noted pre-
viously, the adjustment must be done after calibrating the en-
tire array since adjusting any element will change the reference
point for all other elements.

The calibration process is relatively simple, as indicated by
an example involving an array on a communication satellite.
Calibration may be invoked as a diagnostic measure either in
response to reduced or anomalous performance or as a periodic
component of satellite operations. Fig. 6 shows the systems for
transmit (forward link) and receive (return link) calibration. In
either case, a signal flows through the array on a beam that is
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Fig. 6. Array calibration on satellite.

not in service, and the electronics is commanded to perform the
phase sequence after pointing at a ground station. Note that any
automatic gain control or channel control must be inoperative
during the calibration process. Detection and calibration are per-
formed at the ground station. This calibration procedure is re-
peated until the phase and amplitude errors of the array elements
converge within acceptable limits.

Given the phase and amplitude corrections for the forward
and return arrays, the decision process for updating phase
corrections is complex. Calibration measurements may be re-
peated to corroborate results or to ameliorate the contributions
of pointing errors, and errors that are below the accuracy of the
calibration system may be ignored. Errors that are significant
relative to the calibration accuracy but small relative to the
resolution of the phase shifters may require attention, and

errors that are comparable to or greater than the resolution of
the phase shifters need address. Systematic errors that are not
uncommon in manufacture can be accomodated by introduction
of rules or procedures since their nature is not random.

X. SUMMARY

Calibration of a phased array may be accomplished remotely
with very little overhead to the service of the antenna. Cycling
of the phases of elements through only four orthogonal phases
reduces significantly the time for calibration, and use of a
maximum likelihood algorithm gives optimal accuracy. Good
performance and convergence are obtained for reasonable
signal-to-noise ratios and sample sizes.
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