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PHASE ARRAY CALIBRATION
ORTHOGONAL PHASE SEQUENCE

GOVERNMENT RIGHTS

The present invention was made with Government sup-
port under contract number [Secret Classification] awarded
by the National Aeronautics and Space Administration
“NASA.” The Government has certain rights in the present
invention.

TECHNICAL FIELD

The present invention relates generally to phased array
antennas and, more particularly, to a method of calibrating
a phased array antenna.

BACKGROUND ART

An array antenna includes an array of antenna elements
for transmission or reception of electromagnetic signals. The
antenna elements are fed with one or more signals whose
amplitudes and phases are determined to form a beam, i.e.,
an array antenna signal in a specified direction. Typically,
the relative amplitudes of each element signal are fixed by
attenuators set at appropriate levels to shape the beam, while
phase shifters connected to the elements are adjusted for
changing the phases of the signals to steer the beam.

To precisely control the beam, the actual phase response
of each phase shifter must be known. However, phase
response of a phase shifter is subject to unavoidable errors
and variations due to manufacturing discrepancies and to
various changes occurring as a function of time and tem-
perature. Thus, calibration is required to provide phase
correction for each phase shifter. The phase calibration data
can be stored and used during steering operations to correct
phase response errors.

The amplitudes of the signals fed to the elements are
adjusted with attenuators connected to the elements. The
attenuators are also subject to errors and variations. Thus,
calibration is required to provide attenuator calibration data
for each attenuator. The attenuator calibration data can be
stored and used during steering operations to correct attenu-
ator response errors.

Previous methods of phased array calibration have relied
on scanning each element of the array through all of its
phase values relative to the other elements and measuring
the power of the array antenna signal at each phase value.
The measured phase value corresponding to maximum
power is compared to the ideal phase value. The ideal phase
value is the phase value corresponding to maximum power
when there are no phase errors or variations. Thus, the
difference between the measured phase value corresponding
to maximum power and the ideal phase value is the phase
error, or phase offset, for that element.

This procedure is repeated at least once for each element
of the array. After the phase offsets for each element have
been determined, the phases of the element signals are
changed by their respective phase offsets to effect the
calibration. Consequently, the errors are, at least currently,
taken into account.

A problem with scanning each element through all of its
phase values is that this requires a large number of mea-
surements. For instance, phase values fall within the range
of 0° to 360°. Thus, if the phase settings for each element
were quantized in increments of 1°, then three hundred and
sixty phase values must be scanned. If the array has a large
number of elements, for example, one hundred, then at least
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three thousand six hundred measurements must be made for
calibration of the array, and iteration may be required to
improve accuracy. Scanning each element through all of its
phase values is suboptimal in a noisy environment and has
the disadvantage of potentially large interruptions to service.

Accordingly, a need has developed for a quicker and more
efficient method which requires fewer measurements for
calibrating an array antenna.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide an
orthogonal phase calibration method for an array antenna.

It is another object of the present invention to provide a
calibration method for an array antenna which determines
phase errors based on power measurements made at
orthogonal phase states.

It is a further object of the present invention to provide a
calibration method for an array antenna which determines
amplitude errors based on power measurements made at
orthogonal phase states.

In carrying out the above objects and other objects, a
method of calibrating an array antenna element having a
signal with a phase and an amplitude is provided. The
method includes sequentially switching the phase of the
antenna element signal through four orthogonal phase states.
At each of the four orthogonal phase states, the power of the
array antenna signal is measured. A phase error for the
antenna element signal is determined as a function of the
power of the array antenna signal at each of the four
orthogonal phase states. The phase of the antenna element
signal is then adjusted by the phase error.

Further, in carrying out the above objects and other
objects, a method for calibrating an array antenna provided
with a plurality of antenna elements each having a signal
with a phase and an amplitude forming an array antenna
signal is provided. The method includes sequentially switch-
ing the phase of each antenna element signal one at a time
through four orthogonal phase states. At each orthogonal
phase state the power of the array antenna signal is mea-
sured. A phase error for each of the antenna element signals
is then determined. The phase error for an antenna element
signal is a function of the power of the array antenna signal
at each of the four orthogonal phase states. The phase of
each of the antenna element signals is then adjusted by the
corresponding phase error.

Still further, in carrying out the above objects and other
objects, the present invention provides an array antenna
system. The array antenna system includes an array antenna
provided with a plurality of antenna elements each having a
signal with a phase and an amplitude forming an array
antenna signal. A calibration processor is operable with the
array antenna to sequentially switch the phase of each
antenna element signal one at a time through four orthogonal
phase states and measure at each orthogonal phase state the
power of the array antenna signal. The calibration processor
is further operable to determine a phase error for each of the
antenna element signals. The phase error for an antenna
element signal is a function of the power of the array antenna
signal at each of the four orthogonal phase states. The
calibration processor is further operable to adjust the phase
of each of the antenna element signals by the corresponding
phase error.

The provided methods and system of the present inven-
tion further determine an amplitude error for an antenna
element signal as a function of the power of the array
antenna signal at each of the four orthogonal phase states.
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The amplitude of the antenna element signal can then be
adjusted by the amplitude error.

The advantages accruing to the present invention are
numerous. The present invention circumvents the need for
scanning each element through all phase states in search of
extrema. The use of four phase settings as opposed to
scanning all possible phase states reduces the time required
for calibration and, hence, the potential impact on an array
antenna system. The measurement of power at four orthogo-
nal phase states provides adequate information for a maxi-
mum likelihood estimate of errors. Such an estimate is
optimal in an adverse environment.

These and other features, aspects, and embodiments of the
present invention will become better understood with regard
to the following description, appended claims, and accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic block diagram of an array antenna
for use with the present invention;

FIG. 2 is a diagram of a multiple beam array antenna for
use with the present invention;

FIG. 3 is a flowchart representing operation of an array
antenna calibration method according to the present inven-
tion;

FIG. 4 is a block diagram of an array antenna signal power
measurement system for use with the calibration method of
the present invention;

FIG. § is a graph of the standard deviation of phase
correction;

FIGS. 6(a—d) illustrate the convergence of an estimation
process of the calibration method of the present invention;

FIG. 7 is a block diagram illustrating array antenna
system connections for transmit calibration with a satellite
based array; and

FIG. 8 is a block diagram illustrating array antenna
system connections for receive calibration with a satellite
based array.

BEST MODES FOR CARRYING OUT THE
INVENTION

Referring now to FIG. 1, an illustrative phased array
antenna 10 is shown. Phased array antenna 10 includes a
plurality of antenna elements 12. Each antenna element 12
is coupled to a corresponding phase shifter 14 and a corre-
sponding attenuator 16. Each antenna element 12 may
transmit and receive electromagnetic signals such as radio
frequency (RF) signals.

In the transmit mode, a power source 18 feeds signals
through respective attenuators 16 and phase shifters 14 to
each antenna element 12 for transmission of an array
antenna signal. Power source 18 may include a splitter (not
specifically shown) for splitting a single signal into the
signals fed to antenna elements 12. A controller 20 is
operable with each of phase shifters 14 and attenuators 16 to
change the phases and the amplitudes of the signals fed to
antenna elements 12. Controller 20 sets the phases and the
amplitudes of the signals to form a transmission beam
having a given radiation pattern in a specified direction.
Controller 20 then changes the phases and the amplitudes to
steer the beam, form a different beam, or the like. Typically,
each of attenuators 16 are set approximately at a common
level such that each of antenna elements 12 are driven by
power source 18 equally. However, these levels may be
varied for beam shaping.

10

15

20

25

30

40

45

50

55

60

65

4

In the receive mode, antenna elements 12 provide signals
received from an external source through respective phase
shifters 14 and attenuators 16 to power load 22. Power load
22 may include a combiner (not specifically shown) for
combining the received signals into a single signal. Con-
troller 20 is operable with phase shifters 14 and attenuators
16 to change the phase and the amplitude of the signals
received by antenna elements 12. Controller 20 sets the
phases and the amplitudes to form a reception pattern in a
specified direction. Controller 20 then changes the phases
and the amplitudes to steer the reception pattern, form a
different reception pattern, or the like. Typically, each of
attenuators 16 are set approximately at a common level such
that each of antenna elements 12 feed power load 22 equally.
However, these levels may also be varied for beam shaping.

Referring now to FIG. 2, an illustrative phased array
antenna 30 is shown. Phased array antenna 30 has a plurality
of antenna elements 32 arranged in a MxN array. Each
antenna element 32 is coupled to a plurality of phase shifters
34 and a plurality of attenuators 36. Each phase shifter 34 is
arranged in series with a respective attenuator 36. Each
serially arranged phase shifter 34 and attenuator 36 pair is
arranged in parallel with two other serially arranged phase
shifters and attenuators. All of the pairs of phase shifters 34
and attenuators 36 are connected at one end 38 to a respec-
tive antenna element 32.

Antenna elements 32 are fed with or receive one or more
signals whose phases and amplitudes are determined to form
abeam in a specific direction. In FIG. 2, as an example, three
signals are fed to or received from each antenna element 32.
The signal fed to each antenna element 32 is the sum of three
signals with phase shifting and attenuation dictated by the
desired direction of the beam for each of the radiated signals.
Thus, phased array antenna 30 may have three different
beams. The signal received by each antenna element 32 is
divided into three signals with each signal phase shifted and
attenuated as desired.

Because accurate pointing of a beam of a phased array
antenna demands precise control of phase and amplitude,
exact knowledge of the phase and gain response of the phase
shifting and attenuator electronics is essential. However, as
stated in the Background Art, the parameters of the phase
shifting and attenuator electronics vary with temperature and
drift with time. Thus, periodic calibration of the phased array
antenna is necessary to ascertain phase and amplitude cor-
rections for each antenna element.

Referring now to FIG. 3, a flowchart 40 illustrates the
procedure of the present invention for calibrating a phased
array antenna such as array antenna 10 having a plurality of
antenna elements. Each of the antenna elements have a
signal with a phase and an amplitude. The antenna element
signals form an array antenna signal. Flowchart 40 begins
with block 42 setting the phase and amplitude of each
antenna element signal to form a test beam. The phase values
of the antenna element signals are typically different.
However, regardless of the actual phase value, the phase
values of each of the antenna element signals for the test
beam position are regarded as the 0° phase state. In the test
beam position, the 0° phase state is the reference or nominal
phase state.

The amplitudes of the antenna element signals are typi-
cally the same. Thus, the attenuators connected to the
antenna elements are set approximately at a common level.

Subsequently, block 44 sequences the phase of one
antenna element signal through four orthogonal phase states.
The four orthogonal phase states consist of the reference
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phase state (0°) and the phase states corresponding to 180°,
90°, and 270° relative to the reference phase state. The
phases and amplitudes of all the other antenna element
signals remain constant while the phase of the one antenna
element signal is being sequenced.

At each of the four orthogonal phase states (0°, 90°, 180°,
and 270°) block 46 measures the power of the array antenna
signal. The power measurements Py, P go, Pgg, and P,
correspond to phase states ¢, §;54, Do, and §,-,. Block 48
then determines a phase error for the antenna element signal
based on the power measurements made by block 46. Block
50 then determines an amplitude error for the antenna
element signal based on the power measurements made by
block 46. Blocks 44 and 46 can be repeated as indicated by
the dotted line to integrate multiple measurements of
received power and improve the signal-to-noise ratio of the
measurement.

Decision block 52 then determines whether each of the
antenna elements have had their phases sequenced through
four orthogonal phase states. If not, then the process repeats
with block 44 sequencing the phase of a different antenna
element signal so that the phase and amplitude errors for the
different antenna element signal can be determined.

After the phase and amplitude errors for all of the antenna
element signals have been determined, block 54 adjusts the
phase of each of the antenna element signals by the corre-
sponding phase error. Block 56 then adjusts the amplitude of
each of the antenna element signals by the corresponding
amplitude error. The above procedure may be repeated until
the phase and amplitude calibration errors converge within
an acceptable level.

Referring now to FIG. 4, a measurement system 60 for
measuring power of a calibration signal 62 received by a
receiving antenna terminal 64 is shown. Array antenna 10,
which is on a satellite in the example shown, transmits
calibration signal 62 to terminal 64 for calibration. Note that
pointing a beam at a fixed station (terminal 64) assumes that
dependence of calibration on direction is negligible. If
parameters are sensitive to pointing direction, then an alter-
native such as multiple receiving stations must be imple-
mented.

As described with reference to FIG. 3, calibration signal
62 includes a sequence of phase transitions ¢, §;50, Pog, and
¢, with array antenna signal power measurements P, P, o,
Py, and P, ., performed in each state. Measurement system
60 consists of terminal 64, and a narrowband filter 66
followed by a power detector 68. Power detector 68 is
preferably a quadratic detector. The input to power detector
68 is an RF signal having an RF power. The output from
power detector 68 is a voltage proportional to the RF power.

An analog-to-digital (A/D) converter 70 follows power
detector 68. A/D converter 70 converts the output analog
voltage from power detector 68 into a digital signal for
receipt by a calibration processor 72. Calibration processor
72 processes the digital signal to determine the phase and
amplitude error and correction.

Calibration processor 72 determines the correction data
according to the following derivations. It is assumed that all
of the antenna elements of array antenna 10 are driven
approximately equally.

The received voltage at the input to power detector 68
when all of antenna elements 12 of array antenna 10 have
been set to their reference phase values is:
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M
)= T apcos(of +d,) +n(t)
m-1

where,

 1s the transmitted frequency,

d,, is the phase offset of the m™ element relative to its
nominal value,

a,, is the RF voltage from the m” element, and

n(t) is narrowband thermal noise which is uncorrelated
between samples.
The narrowband noise is:

n(t)=n_(t)cos wr-n,(f)sin ot

where n,(t) and ny(t) are the inphase and quadrature
components, respectively. These components are indepen-
dent and identically distributed Gaussian processes having
zero mean and variance 0°=N,B with N,/2 the noise power
density and 2B the bandwidth of the filter.

Introducing a phase of 0 on the k”* element yields:

M 2
)= T ancos(0f + 8y,) + arcos(ot + 0 + Op) +n(t) =
m-1
m=k
M
2 2,,c080y, + acos(0 + 8y) + n.(f) | cosor —
m-1
m=k
M
22,8100, + assin(0 + &) + n() | sinot
m-1
m=k

at the input to power detector 68. The output from power
detector 68 is the square of the envelope of its input:

g=(A v n Y+ Ay ng)®

©)

where,

M M
Ac= 2 apcosdy, A= 2 apsind,,
m-1 m-1

m=k m=k

v, = a,co8(0 + 8,), and v, = ,sin(6 + ).

The output of power detector 68 is sampled at a time
interval T >>1/B so that the samples are uncorrelated. The
sampled output of power detector 68 is:

qt=(Ac+Vc+nct)2+(Ax+Vx+nst)2

@

where,
n,, and n_ are Gaussian variables as described previously.
For each antenna element, the statistic q, is a non-central
chi-squared random variable with two degrees of freedom
and density:

\pre ®

g = (202 texp[~ (q: + M)/20%)lo
[e3

I,(") in Equation (5) denotes the modified Bessel function of
the first kind of zero order. The non-central parameter (1) is:

A=A v )P+ (A, 4v)" O
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The mean (1) and variance (0,%) of the statistic g, are:

wE{g=h+20° @)

and

0, =Var{g,}=40"A+4c" 8)
Assume that Lsamples of the output of the power detector
are averaged to form the statistic:

L &)
I oq
-1

q=

Nl»—k

with the samples q, of q being independent. The statistic
q is a non-central chi-squared random variable having 2L
degrees of freedom with non-central parameter:

- 1 L (10)
hA=— I [Ac+ Vc)z +(As+ Vs)z] =A,
L =
a density:
@@= (1)
=i Lt
(202)(i)zexp 7+ ]1“ \ gh
L A 207/L oYL
a mean:
u=E{q}=u=E{q}=M+20", 12
and a variance:
o*=Var{q}=(40”A+40*)/L. 13)
The statistic q is an unbiased estimate of u since
14

L
—. 1
E{q} =T 121 E{q} - E{q} = A+ 207,

and it is asymptotically efficient. Since the chi-squared
distribution is approximately Gaussian about the mean for
large degrees of freedom, the intuitive tendency is to chose
maximum likelihood estimates for the phase variation 9, and
the amplitude variation a,. One may solve the gradient of the
likelihood function (11) for maxima. However, these esti-
mates evolve naturally from consideration of the differences
J270=oo and gy—q;50 Which are unbiased estimates:

E{qa70-qoo}=42; (A, sind,~A, cosd,) 1s)

and

E{qo—quen}=42; (A, cosd,+A, sind,). (16)

Note that the element index k is understood for the
statistics g, and the array antenna signal power is measured
for each phase setting of each element. Since only the phase
of the k" element is varying, the sum of the other element
voltages forms the reference, i.e., A,_0 (assuming J,, is
small so that A_>>A,), which gives:

21270_2190'54‘1134c5in6k an

5
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(18

Hence, the estimates of the phase §, and amplitude 4,
variations become:

ék =tan-! [ (

and

210_2118054“134&055%

19

3270 —7]90

50 —7]1 80

\| 20)
- (270 — 490)* + (g0 — q180)?
=

¥ 44,

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

eay)

~ 2

~ 36k
Var{&} =X — Og? =
0

dqe
22 22
R 2
3(1k 2
i ) o2 = L
dqe 24,2

Since the elements are driven approximately equally,
a,,=a, for all m and A ==(M-1)a,. Using approximation
A =0 gives the errors:

o%L
Zasz CZ

(02 +AZ+ A2+ ai?)

and

>

o

(0% + A2+ A+ a?).

Var{g;} =X (
0

R NoB NoB 23
O = 1+
4L Py 2P (M - 1)2
and
. NoB NoB
o2 = —_—
2L 2P (M - 1)?
where,

P,=a,2/2 denotes the power of the k™ element.

The deviation of the phase error estimate &, from (23) is
plotted in FIG. 5 and indicates that an accuracy of 2°
requires approximately twelve iterations at a signal-to-noise
power ratio of approximately 13 dB per element.

Because the residual phases of all elements other than the
k” element were disregarded in (17) and (18) and the
subsequent analysis, the estimates of 8, and a, 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.

The derivation of the phase and amplitude estimators in
(19) and (20) assumes perfect amplitude and phase control
of the element signal. The inphase and quadrature compo-
nents of this signal were denoted by v (6) and v (8) follow-
ing (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 a,. However, errors
in the settings are deterministic and may be measured.
Denote the phase settings of the k” element by 0, =mm/2,
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m=0,1,2,3 with corresponding signal components v =a,,
cos(0,,+E,,+9,) and v =a,, sin(8, +§, +9,) having ampli-
tudes a,,,, and phase offsets &,,,, which contain imperfections
and amplitude errors. Following the same rationale which
led to (17) and (18) gives:

E{GG =m0y +2A4 ] @y €08 (8,41, 480~ y,, COS (0,48, +

]
+24 [a,, sin (6,,48,,+0,)-qa,, sin (0,+E,,+0,)] 24)
where,
M
A= lfl azocos(E0 + O;)

I=k

and

M
AS =2 al,gsin@w + 6,)
=1

I=k

Evaluation of equation (24) at 6,,=270° and 8,=90° yields:

4270 __5190 = a3, - aly + (25)
[24(a;7081nE570 + dopSingeq) —
24,(@270c088 70 + Aopc0OsEgp) Jcosdy +
[24(a575c088 570 + @apcosEeg) +
24 ,(@27p8108570 + opSingop) Jsindy

and similarly for 6, =0° and 6,=180°

Go — Gis0 = 95° — @lgo + (26)
[24(agcosEq + a;50c08E g0) +
24(apsing g + a75,8in8 g0) Jcosdy -
[24(agsingq + a;505108,40) —
24,(a5c0880 + ;55088 1g0) Jsind.

The subscript k indicating the element has been omitted
on the amplitude and phase variations and on the power
measurements q for simplicity in (25) and (26) because this
dependence is understood. These expressions may be writ-
ten:

(21270_“2702)_(690_‘1902)=C11 cosO+C'y; sind,
(50_‘102)_(518D_a1802)=c21 c080;+C; sind, @7
with
C11=24 (a570 $inEo70+gg $inEg0)=24(570 COSEp70Hag0 cOsEgp),
C15=2A (@370 c08Er70+aq COSEep)+2A(d570 $InE570+dan SinEag),
Co =24 (ag cosEqtaygq CO8E1g9)+24,(ag SinEgta e SN gp),
and

Cro=-2A(ag singo+a; g0 Sing0)+2A,(ag cOsE+a;gp COSE;g0)-

The equations in (27) are easily solved for J, to obtain the
estimate:
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@8)

s [ €1l — a0?) — @uso — afgn)] - Cail(@r0 — a3r0) — (g0 — )]
an~

Coal (270 - @370) = (o0 — @2p)] = Cral (g0 — ac?) — (quso - aigo)]

where the amplitudes a,, and phase offsets §,, are from
measurements. Solution of the linear equations following
(27) for the amplitude estimates gives:

29

ag =
[C2x(Acc0sE g0 + ASINEg0) + Cor(ASINE g0 — A,C08E 1g0))/
2[(AccosEq + Asingy) (Asing g — A,c088150) —

(ASIngy — Agcos8p) (A.cosE gy +A,SINE; o)),

“[C2a(Ac0sEy + Asingy) + Coy(Acsingy - AscosEg))
2[(AccosEq + Asingy) (Asing g — A,c088150) —

(Asingy — A,cosEq) (AcosE gn + A sinE o)),

[C11(AccosEa70 + A sinEs70) + Cpo(ASINE 7 — ACOSE570))
2[(Asingoq — A,c08Egp) (A.COSEr7 + A SINEs70) —
(Ac08Eqq + A sinEgn) (A sinEs70 - A,c0sEy70) ]

and
570 =
~[Cri(AccosEan + AgsinEen) — CroA sinEan — AscosEeo) )/
2[(A singq — A,c08800) (AC08E 570 + AgSingryo) —
(AccosBoq + AsinEgg) (ASinEs70 — A,c08E;70)]-

It must be emphasized that the estimators (28) and (29) for
the phase and amplitude variations are not closed form
expressions because the coefficients C,, C,,, C,;, Css, A,
and A, depend on these variations. Hence, the estimates
must be solved by an iterative procedure which is described
below. Further, observe that because there are array antenna
signal power measurements q at four phase settings for each
element, there are 4M data measurements. Because the
estimators 8, and 4, constitute a set of 5M variables, the
estimator equations given by (28) and (29) are dependent.
This problem is circumvented by use of equations (20) for
initial amplitude estimates. Equation (19) can be used for
initial phase error estimates with equations (27) and (28)
used for iteration of the phase error.

To corroborate the results in (27) through (29), these
generalizations should reduce to the previous expressions
(19) and (20) under assumptions of small or negligible
errors. Simplification of the expression in (24) as in the
previous section obtains:

Qo= =2 +2A . [y, OS(0,,+E,, )c088,~a,,, sin(6,,+

E,)sind,—a,,, cos(0,+E,)cosd,+a,,, sin(0,+E,)sind,] 30)
with the assumption that A ~0. Writing the amplitude varia-
tions with phase as a,, -a, =€, ., noting 0,=0 +m, and
ignoring terms higher than first order, i.e., €7, ecost, esing,
etc., obtains:
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G = G = 20€0n, + 20,A [cosd{cos(0y, + Ey) - cos(8, + 5} -
sind {sin(0y, + &) - sin(0, + E)}] =
2a;{€mn + AJcosd{cos(® + Ey) + cos(0 + &)} -

sind {sin(0 + &) + sin(® + E)}]}.

@D

For 0=0,=0 or 0=0_ ,=m/2, the analogous results to (17) and
(18) are:

21270_21911“‘2%[214: sin(E+8,)~¢] (32

Go-Tuso=20 €424, cos(E+3))] (33)
with E=~E =&, the nominal phase, a, the nominal amplitude,
and sin&, ~0 and sin&,~0. This simplification is tantamount
to assuming that the imperfections for each element are
uniform over the various phase settings. With this

assumption, the estimators from (27) and (28) reduce to:
- - 34
» — goo + 24
8 = tan-t IIz_m 390 #€270 e
qo — G180 — 2ax€o
and
39

- \| (270 — Qoo + 2ax€270)? + (go — Guso — 2ax€0)?
ay=
4A.

These results (34) and (35), 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=0 and £=0.

Using a power measurement system such as that depicted
in FIG. 4, measurements of received power q,,, as described
by (9) are performed for each phase setting 6,,=mm/2,
m=0,1,2,3 of each element k=1, 2, . . . , M. This data is used
to solve estimates of the phase error &, and the amplitude
error 4, for each element. Because the equations (28) and
(29) for these parameters are not in closed forms and readily
soluble, an iterative procedure is applied. This procedure is
as follows:

(1) Using the power measurements q,,,, for each element
and the expression (19), compute initial phase error
estimates:

(2) For each element use known values for the phase
offsets &, and ideal values 4,=1 for the initial ampli-
tude estimates to generate initial values for the signal
sums for each element from the expressions following
(24):

: %270 = 4k,90
50 = tan-! ( k20~ G0
k0 — qk,180

M. .
AC(32= 121 ajcos(E,0+ 650))
I=k

and

M. .
AS(’?E)= 121 arsin(E0 + 650));

I=k
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(3) Compute amplitude estimates using expression (20):

- \| (@r270 - qro0)? + (@0 — Qi 180)?
ay= ;
449

(4) For each element generate the next values of the signal
sums:

) M A
A(:'kl) = 121 acos(Eio + 65’))
I=k

and

oM -
AD = 121 agin(Eo + 89);

I=k

(5) Compute values for the coefficients from (27) using
the phase offsets §,,, and the last amplitude sums A, O
and As)k(D from step (4) with the amplitudes set to the
estimate 4,

Ck,11®=2dk[“c,k(i)(Sin%k,270+Sin§k,90)‘Ax,k(i)(COSEk,zm‘*COSEk,QD)L
Ck,12(i)=2‘3k[Ac,k(i)(COSEk,z70+COS§k,90)+Ax,k(i)(5in§k,270+Sin§k,90)],
Ck,zl(i)=2&k[Ac,k(i)(cosak,D+COS%k,18D)+As,ki(Singk,D+Sin§k,180)]>

and

Ck,zz(i)=2ﬁk[—Ac,k(i)(SiHEk,o"'Sin%k,180)+Ax,k(i)(COSEk,o"'COS%k,mo)]-

(6) For each element compute the next estimates of the
phase errors from (28) with the amplitudes set to the
estimate 4,

Sk(i)=tan71({ck,11(i)[ék,0_ék,180]_Ck,21(i)[ék,270_ék,90]}/ {Ck,zz(i)[;]k,
270_qk,90]_ck, 12(1)[%,0—%, 180]})'

(7) If the updated estimates 8, are not within conver-
gence limits of the previous estimates §,%%, then
continue the iteration from step (4); otherwise termi-
nate with the given values. This procedure should
converge since the derivative of the arctangent is less
than unity. Moreover, the process should converge
readily because the array and electronics are expected
to have small variation. However, caution is advised
since computational accuracy can affect convergence.

FIGS. 6(a—d) show the rate of convergence for various
values of signal-to-noise ratio and number of samples.
Observe that the convergence of the procedure displays
reasonable performance.

The phase error 8, and the amplitude error 4, for cach
element from (34) and (35) contain not only the errors
attributable to the electronics, but also any errors induced by
attitude control or pointing of the antenna platform. Exami-
nation of the array factor of the antenna:
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R M-1N-1 . 36)
fO0,0)= = Spuedmn= 3 T QupeHCr0)dmm =
mn o m=0 n=0 Tt
M-1N-1
T 3 OpneFErmrrdynn)
m=0 n=0

with y=sin 0 cos 1—sin 0, cos 1, and ¥=sin 0 sini—sin 0,
sinl, reveals that any phase error that affects the phases of
all elements equally does not affect the directivity of the
array antenna. In addition, random errors 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 determined, these must be deducted from the
measured errors 8, and 4, to give corrected estimates 9, and
a,. 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
array antenna is pointed using the previously determined
corrections Cg for the phase and C,, for the amplitude. Given
the corrected estimates d, and a, of the phase and amplitude
errors, a phase correction Cg' and an amplitude correction
C,' may be computed recursively from the previous correc-
tions by:

Co'=Camttsdy (37

and

C=C oty (38)

Referring now to FIGS. 7 and 8, the calibration method of
the present invention is simple as indicated by an example
involving an array antenna 10 on a communication satellite
80. 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. 7
shows system connections for transmit (forward link) cali-
bration. The following summarizes the basic sequence of
operations for transmit calibration.

First, a ground antenna terminal 82 prepares for calibra-
tion by taking a forward beam from user service, pointing it
at a performance test equipment (PTE) terminal 84 on earth,
and transmitting a calibration signal 86 via the forward link.
The calibration signal is a sinusoid described previously.

Second, PTE terminal 84 is prepared for calibration by
pointing its emulated user receive (return) beam at satellite
80. The channel automatic gain controller (AGC) is set to a
fixed value (disabled).

Next, calibration processor 72 sends a calibrate command
88 via ground antenna terminal 82 to array antenna 10. Upon
receipt of calibrate command 88, ASICs of array antenna 10
sequence the phases of each of antenna elements 12 through
the four orthogonal phase states. When calibration processor
72 detects a calibration synchronization pulse at the start of
the calibration sequence, the calibration processor begins
sampling the detected calibration signal 86 from satellite 80
and records the samples.

Preferably, the calibration synchronization pulse is gen-
erated by switching the phase of every odd-numbered
antenna element by 180° to produce a calibration signal null.
The null is followed by a dwell time during which all
antenna elements remain in their 0° reference phase state.
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The individual antenna element phase sequencing starts
with sequencing the phase of an individual antenna element
signal from the 0° reference phase state to the 180° phase
state. The 180° phase state is held for a synchronization time
to mark the beginning of the antenna element transmission,
and to provide unambiguous synchronization and power
measurement P, g, of calibration signal 86. This is followed
by toggling the phase of the antenna element by 90°, 270°,
and 0° between states §g, $20, and ¢, with corresponding
power measurements Py, P,-,, and P, of calibration signal
86 being performed.

Calibration processor 72 subsequently processes the
recorded samples to estimate the phase and amplitude errors
of the antenna element signals using equations (34) and (35).
These values are corrected for pointing errors and are stored
for possible use in adjusting the phase and amplitude cor-
rection coefficients (37) and (38) of the array elements. This
calibration procedure is repeated until the phase and ampli-
tude errors converge within acceptable limits.

FIG. 8 shows the system connections for receive (return
link) calibration. The following summarizes the basic
sequence of operations for receive calibration. First, ground
antenna terminal 82 prepares for calibration by taking one
beam from user service and pointing it at PTE terminal 84
on earth. The channel AGC is set to a fixed value (disabled).
Second, PTE terminal 84 is prepared for calibration by
pointing its emulated user transmit (forward) beam at sat-
ellite 80 and transmits a calibration signal 90 via the forward
link.

Next, calibration processor 72 sends a calibrate command
92 via ground terminal 82 to array antenna 10. Upon receipt
of calibrate command 92, ASICs of array antenna 10
sequence the phases of each of antenna elements 12 through
four orthogonal phase states. When calibration processor 72
detects a calibration synchronization pulse at the start of the
calibration sequence, the calibration processor begins sam-
pling the detected calibration signal 90 from satellite 80 and
records the samples.

Calibration processor 72 subsequently processes the
recorded samples to estimate the phase and amplitude errors
of the antenna elements using equations (34) and (35). These
values are corrected for pointing errors as described above
and repeated until the errors converge within acceptable
limits.

The orthogonal phase calibration method of the present
invention has application to any area requiring phased array
antenna technology. This includes any communication link,
military or commercial, requiring rapid scanning of one or
more high gain radio frequency beams. These applications
depend on array antennas which require periodic calibration.

It should be noted that the present invention may be used
in a wide variety of different constructions encompassing
many alternatives, modifications, and variations which are
apparent to those with ordinary skill in the art. Accordingly,
the present invention is intended to embrace all such
alternatives, modifications, and variations as fall within the
spirit and scope of the appended claims.

What is claimed is:

1. A method of calibrating an array antenna element
having a signal with a phase and an amplitude, the method
comprising:

sequentially switching the phase of the antenna element

signal through four orthogonal phase states;
measuring the power of the array antenna signal at each
of the four orthogonal phase states;

determining a phase error for the antenna element signal

as a function of the power of the array antenna signal
at each of the four orthogonal phase states; and
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adjusting the phase of the antenna element signal by the
phase error.
2. The method of claim 1 wherein:

the phase error for the antenna element signal is deter-
mined by the equation:

[ (22

where,

5270 - 590
30 - L_ILSO
10

$, is the phase error for the antenna element signal, and

o> 900> d1s0s and qs- is the power of the array antenna
signal at each of the four orthogonal phase states.

3. The method of claim 1 wherein:

at least one updated phase error for the antenna element
signal is determined and the phase of the antenna
element signal is adjusted until the one updated phase
error converges within an acceptable level.

4. The method of claim 1 further comprising:

20

determining an amplitude error for the antenna element
signal as a function of the power of the array antenna
signal at each of the four orthogonal phase states; and

adjusting the amplitude of the antenna element signal by
the amplitude error.
5. The method of claim 4 wherein:

the amplitude error for an antenna element signal is 30

determined by the equation:

- \| (270 — @90 + (g0 — q180)>
=
* A, 35

where,

4, is the amplitude error for the antenna element signal,

- - = — . 4
Gs70> Yoo> o> a0d ;44 1s the power of the array antenna
signal at each of the four orthogonal phase states, and

A, is the power of all the other signals of the antenna
elements of the array antenna produced by the phase
errors of these signals.

6. The method of claim 4 wherein:

45

at least one updated amplitude error for the antenna
element signal is determined and the amplitude of the
antenna element signal is adjusted until the one updated
amplitude error converges within an acceptable level.

7. A method for calibrating an array antenna provided
with a plurality of antenna elements each having a signal
with a phase and an amplitude forming an array antenna

signal, the method comprising: 55

sequentially switching the phase of each antenna element
signal one at a time through four orthogonal phase
states;

measuring at each orthogonal phase state the power of the

array antenna signal, 60

determining a phase error for each of the antenna element
signals, wherein the phase error for an antenna element
signal is a function of the power of the array antenna

signal at each of the four orthogonal phase states; and .

adjusting the phase of each of the antenna element signals
by the corresponding phase error.
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8. The method of claim 7 wherein:

the phase error for an antenna element signal is deter-
mined by the equation:

[ (22])

where,
8, is the phase error for the antenna element signal, and
Qo> 0f Qoo» G180, a0 G- 1S the power of the array antenna
signal at each of the four orthogonal phase states.
9. The method of claim 7 wherein:

at least one updated phase error for the antenna element
signal is determined and the phase of the antenna
element signal is adjusted until the one updated phase
error converges within an acceptable level.

10. The method of claim 7 further comprising:

determining an amplitude error for each of the antenna
element signals, wherein the amplitude error for an
antenna element signal is a function of the power of the
array antenna signal at each of the four orthogonal
phase states; and

adjusting the amplitude of each of the antenna element
signals by the corresponding amplitude error.

11. The method of claim 10 wherein:

the amplitude error for an antenna element signal is
determined by the equation:

5270 - 590

30 - 5180

- \| (270 — @90 + (g0 — q180)>
=
¥ 44,

where,

4, is the amplitude error for the antenna element signal,

570> Yoo» o> a0d g0 1s the power of the array antenna
signal at each of the four orthogonal phase states, and

A, is the power of all the other signals of the antenna
elements of the array antenna produced by the phase
errors of these signals.

12. The method of claim 10 wherein:

at least one updated amplitude error for the antenna
element signal is determined and the amplitude of the
antenna element signal is adjusted until the one updated
amplitude error converges within an acceptable level.

13. An array antenna system comprising:

an array antenna provided with a plurality of antenna
elements each having a signal with a phase and an
amplitude forming an array antenna signal; and

a calibration processor operable with the array antenna to
sequentially switch the phase of each antenna element
signal one at a time through four orthogonal phase
states and measure at each orthogonal phase state the
power of the array antenna signal, the calibration
processor further operable to determine a phase error
for each of the antenna element signals, wherein the
phase error for an antenna element signal is a function
of the power of the array antenna signal at each of the
four orthogonal phase states, the calibration processor
further operable to adjust the phase of each of the
antenna element signals by the corresponding phase
error.

14. The system of claim 13 wherein:

the calibration processor is further operable to determine
an amplitude error for each of the antenna element
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signals, wherein the amplitude error for an antenna
element signal is a function of the power of the array
antenna signal at each of the four orthogonal phase
states, the calibration processor is further operable to
adjust the amplitude of each of the antenna element
signals by the corresponding amplitude error.

15. The system of claim 13 further comprising:

a reference antenna operable with the array antenna for
transmitting and receiving signals.

16. The system of claim 15 wherein:

the array antenna transmits an array antenna signal to the
reference antenna and the calibration processor is oper-
able with the reference antenna to measure the signal
received by the reference antenna to determine the
power of the array antenna signal transmitted by the
array antenna at each orthogonal phase state.
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17. The system of claim 15 wherein:

the reference antenna transmits a reference signal to the
array antenna and the calibration processor is operable
with the array antenna to measure the signal received
by the array antenna to determine the power of the
reference signal received by the array antenna at each
orthogonal phase state.

18. The system of claim 13 wherein:

the calibration processor includes a power detector which
measures the power of each antenna element signal.

19. The system of claim 18 wherein:

the power detector is a quadratic detector.

20. The system of claim 13 wherein:

the array antenna is positioned on a spacecraft.
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