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Abstract: This study presents theoretical analysis and verification on optimal hardware platform for calibration of signal
manipulation in multi-port amplifier (MPA). Since MPA output power and isolation characteristics are strongly dependent
on magnitude and relative phase balances in each array path of MPA, proper calibration technique is necessary for ideal
MPA operation. Although variety of calibration methods can be considered, they can be classified into two methods from
the calibration signal detection based on hardware platform point of view. That is, calibration signals for each array path in
MPA can be sampled and detected before output hybrid matrix (OHM) or after OHM according to hardware setup. Since
optimal signal detection for each array path is the key to ideal MPA calibration and maximised performance, this study
theoretically analyses two different calibration hardware platforms detecting calibration signals. Then, the
mathematically derived optimal calibration hardware setup for detecting magnitude and phase error is finally verified
and concluded by simple simulation and measurement at 900 MHz Industrial, Scientific and Medical-band (902–928 MHz).

1 Introduction

Modern and future satellite communication systems require high
degree of performance flexibility within a long lifetime of satellites
such as diversity in antenna coverage and efficiency in power
allocation [1, 2]. To increase the system flexibility, there have
been many approaches including phase array antenna-based
architecture which is not considered as economically suitable for
Ku- or Ka-band system [3]. Among various techniques to
effectively control multiple communication traffics over the
lifetime of satellite, multi-port amplifier (MPA) can be an
attractive solution and has been studied as an effective approach in
multi-beam system [4]. Comparing with the conventional power
amplification structures, MPA architecture has advantages in
power flexibility including the increase in maximum output power
and power allocation range, and lower DC power consumption by
the use of shared power amplifiers (PA) with lower saturation
power [1]. However, since the electrical array paths of MPA are
connected by input hybrid matrix (IHM) and output hybrid matrix
(OHM), the performance of MPA critically depends on the proper
recombination of amplified signals from each array path in MPA.
As seen from Fig. 1, each input signal with different channel
frequency is amplified by multiple PAs and then recombined to
the corresponding outputs, resulting in multi-beam generations for
different coverage regions based on multiple inputs and multiple
outputs operation. In order for MPA to operate ideally, magnitude
and phase relations in each signal path should be balanced.
Otherwise, signals cannot be recombined properly into the
corresponding outputs and additionally, leakages to adjacent
output ports are generated. Consequently, degradations in
port-to-port isolation and unwanted output power loss occur.

To ensure the good isolation and output power characteristics of
MPA, a calibration circuitry is necessary and is generally included
in MPA for optimising the system performance by compensating
unwanted deviations in electrical performance of PAs. From the
calibration hardware point of view, MPA structure can be
classified as shown in Fig. 2 such as MPA without calibration
block, MPA with manual calibration and MPA with automatic
calibration. For calibration circuitry, voltage-controlled phase

shifters and voltage-controlled attenuators are generally needed to
adjust the phase and magnitude balances in each path as shown in
Figs. 2b and c. Moreover, additional calibration control block to
adjust the phase shifters and attenuators is required for automatic
MPA calibration as shown in Fig. 2c.

Although there have been several calibration schemes [5–9]
proposed previously, they all have the shortcomings in finding
specific signal path among arrays including unwanted electrical
performance variation, and distinguishing the phase and magnitude
errors in each signal path. In more detail, since most calibration
schemes sample the signals required for calibration process from
OHM outputs where all signals are already recombined as shown
in Fig. 3a, errors cannot be distinguished whether they come from
magnitude mismatch or phase mismatch or combination of both
magnitude and phase mismatches. Moreover, the array path
including the corresponding magnitude or phase errors cannot be
directly found.

To solve the problems by the calibration architectures based on
Fig. 3a, a new calibration method that can distinguish the source
of error and manage phase and magnitude errors separately has
been conceptually proposed in [10] as shown in Fig. 3b.
According to Fig. 3b, the calibration circuitry detects signals in
each path of array before the signal combination happens by OHM
and thus the sampled signals still have each array path’s
magnitude and phase information. Since the magnitude and phase
deviations in each path can be directly compared, direct correction
for the corresponding errors to degrade overall system performance
seems to be made. However, the previously proposed research
lacks theoretical analysis that can support the advantage of
detecting signals before OHM mathematically and more
importantly the calibration scheme does not include the magnitude
and phase of OHM in the calibration process. That is, the effect of
uncalibrated OHM on MPA isolation and output power
characteristics is not analysed. Thus, in this paper, two different
MPA calibration hardware configurations as described in Fig. 3 are
theoretically analysed first to investigate the best MPA calibration
hardware platform. Then, the effect of OHM not taken into
account for the previous report [10] as in Fig. 3b is further
investigated with 4 × 4 Butler matrix waveguide measurement to
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conclude whether this method can be the optimal MPA calibration or
not from hardware platform point of view.

2 Theoretical analysis

2.1 Ideal MPA operation

For ideal MPA operation, the magnitude of each array path should be
identical to each other and the relative phase differences among array
paths should be 0°, −90°, −90° and −180° for 4 × 4 MPA structure.
Referring to Fig. 2a, electrical performance deviations of each PA
are defined by G1, G2, G3, G4, f1, f2, f3 and f4 where G and f
denote gain and relative phase change by PA, respectively, while
electrical performance variations by IHM and OHM implemented
as passive networks are assumed to be negligible. Then, if the
electrical characteristics of each PA are the same (G1 =G2 =G3 =
G4 =G and f1 =f2 = f3 = f4 =f), the ideal MPA operation can
be expressed as follows

Out1 = D · G · e−jp, Out2 = Out3 = Out4 = 0 (1)

Fig. 2 MPA classifications by calibration hardware point of view (4 × 4 case)

a No calibration
b Manual calibration
c Automatic calibration

Fig. 3 Two different calibration signal detection schemes according to the location of signal couplers (4 × 4 case)

a Coupler placement after OHM
b Coupler placement before OHM

Fig. 1 General description of MPA operation (4 × 4 case)
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Out2 = C · G · e−jp, Out1 = Out3 = Out4 = 0 (2)

Out3 = B · G · e−jp, Out1 = Out2 = Out4 = 0 (3)

Out4 = A · G · e−jp, Out1 = Out2 = Out3 = 0 (4)

For example, according to (4), the incident signal to input A is
amplified by the gain of PA and then outputted to Out4 while the
rest of output ports are null in ideal MPA. Similarly, each
amplified signal (B, C or D at different frequencies) is only
generated to a single corresponding output port and the rest of
output ports produce no powers. Since the port-to-port isolation is
determined by the output power difference between the port in use
and the rest of ports not in use, the MPA isolation for ideal
operation should be maximum. In addition, since all signals are in
balance and ideally combined through OHM, output combining
loss should be minimum.

2.2 MPA operation by magnitude and phase imbalance

Referring to Fig. 2a, if the electrical characteristics of each PA are
not identical (G1≠G2≠G3≠G4 and f1≠f2≠f3≠f4), then the
4 × 4 MPA no longer operates ideally as expressed by (5) and
outputs with respect to inputs are determined as follows (see (5))

Since G and Ф of each PA are not balanced, the terms in (5) cannot
be summed or cancelled appropriately, resulting in non-ideal
recombination to desired output ports and leakage generations to
unwanted output ports. For example, according to (5) for N = 1,
the terms related to A, B and C inputs need to be cancelled out
while the terms related to D should be summed up only if G1 =
G2 =G3 =G4 and f1 = f2 =f3 = f4. However, if electrical
deviations occur such as G1≠G2≠G3≠G4 and f1≠f2≠f3≠f4,
Out1 is no longer the pure summation of the terms related to D
and the leakages from other inputs are produced. Moreover, D is
not only recombined to Out1 but leaks to other output ports. That
is, the desired output power decreases and the isolation
characteristics are also degraded due to the leakage generations.

2.3 Effect of gain and phase deviations by PAs

To find the changes in output power and isolation characteristics of
MPA, general 4 × 4 MPA case is investigated with the assumption
that each gain and phase deviations occur uniformly with respect
to each signal path as shown below

G1 − G2

∣∣ ∣∣ = G2 − G3

∣∣ ∣∣ = G3 − G4

∣∣ ∣∣ = DG (6)

f1 − f2

∣∣ ∣∣ = f2 − f3

∣∣ ∣∣ = f3 − f4

∣∣ ∣∣ = Df, (7)

where G1, G2, G3, G4, f1, f2, f3 and f4 are indicated as in Fig. 2a.
Although uniform deviations are assumed, approximate combining
loss and isolation characteristics can still be predicted as long as
the deviation ranges are wide enough. Using advanced design
system (ADS), gain and phase variations are adjusted by built-in
phase shifter and attenuator models and applied to the ideal 4 × 4

MPA in order to draw contour plots of their effect. Fig. 4 shows
the effect of combining loss variation by the gain and phase
deviations. As both gain and phase deviations get greater,
combining loss gets greater as well. It is noted that the combining
loss characteristic is more susceptible to gain deviations and
the gain deviation should be <1.2 dB in order to satisfy the
combining loss <1 dB. Moreover, Fig. 5 shows the changes in
isolation characteristic by gain and phase deviations. As both
gain and phase deviations get greater, the isolation gets
degraded. However, the isolation characteristic is severely
affected by both gain and phase deviations comparing with the
combining loss characteristic in Fig. 4. According to both Figs. 4
and 5, gain deviation <1.2 dB and phase deviation <13° are
required to satisfy the combining loss of < 1 dB and the isolation
better than 25 dB.

2.4 MPA calibration by signal detection after OHM

As seen previously, gain and phase deviations should be minimised
and corrected to optimal path balance for ideal MPA operation.
Thus, magnitude and phase calibrations for each array path are
necessary, and the array paths of MPA should be precisely
analysed so as to calibrate MPA ideally. The first calibration
configuration is to detect array path signals after OHM as shown
in Fig. 3a where directional couplers are placed after OHM.
Referring to Fig. 3a, the gain and phase deviations of each path
corresponding to PA1, 2, 3 and 4 are G1, G2, G3, G4 and f1, f2,
f3, f4, respectively. Then, the relative gain and phase differences
among each path can be represented as follows

K2 =
G2

G1
, K3 =

G3

G1
, K4 =

G4

G1
(8)

u2 = f2 − f1, u3 = f3 − f1, u4 = f4 − f1. (9)

Fig. 4 Combining loss variation by gain and phase deviations for general
4 × 4 MPA configuration

OutN = 1

4
· A · G1 · e−j(f1+p·p/2) + G2 · e−j{f2+(q+1)·p/2} + G3 · e−j{f3+(r+1)·p/2} + G4 · e−j{f4+(s+2)·p/2}( )[

+ B · G1 · e−j{f1+(p+1)·p/2} + G2 · e−j{f2+(q+2)·p/2} + G3 · e−j(f3+r·p/2) + G4 · e−j{f4+(s+1)·p/2}( )
+ C · G1 · e−jf1+(p+1)·p/2} + G2 · e−jf2+q·p/2) + G3 · e−jf3+(r+2)·p/2} + G4 · e−j{f4+(s+1)·p/2}( )
+ D · G1 · e−j{f1+(p+2)·p/2} + G2 · e−jf2+(q+1)·p/2} + G3 · e−jf3+(r+1)·p/2} + G4 · e−j4+s·p/2)( )]

;

p = 0, q = 1, r = 1, s = 2 for N = 1

p = 1, q = 2, r = 0, s = 1 for N = 2

p = 1, q = 0, r = 2, s = 1 for N = 3

p = 2, q = 1, r = 1, s = 0 for N = 4.

(5)
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By solving the matrices in Fig. 3a, the sampled signals S1, S2, S3 and
S4 with respect to the continuous wave (CW)-pilot signal, S0, can be
found as follows

SN = x

4
·S0 G1e

−jf1 +a ·G2e
−jf2 +b ·G3e

−jf3 + c ·G4e
−jf4

( )

= x

4
·S0 ·G1 · e−jf1 1+a ·K2 ·e−ju2 +b ·K3 · e−ju3 + c ·K4 · e−ju4

( )
;

x= 1, a=−1, b=−1, c= 1 for N = 1

x=−j, a=−1, b= 1, c=−1 for N = 2

x=−j, a= 1, b=−1, c=−1 for N = 3

x=−1, a= 1, b= 1, c= 1 for N = 4.

(10)

Since the detected signals are sampled at the output ports where
signal recombination is already taken place, only the power of
detected signals can be compared with each other so as to find the
point where the power at the wanted output port is the maximum
and the powers at the unwanted output ports (the ports supposed
to be null ideally) are the minimum. Thus, the relative power
comparisons among the detected signals at the output ports can be
rearranged and expressed as shown by

S|MAG|N = 16 · SN
∣∣ ∣∣2

G1 · S0
∣∣ ∣∣2

= 1+ a · K2 cos u2 + b · K3 cos u3 + c · K4 cos u4
( )2
+ a · K2 sin u2 + b · K3 sin u3 + c · K4 sin u4

( )2
;

a = −1, b = −1, c = 1 for N = 1

a = −1, b = 1, c = −1 for N = 2

a = 1, b = −1, c = −1 for N = 3

a = 1, b = 1, c = 1 for N = 4.

(11)

Since the calibration needs to adjust optimal phase and attenuation
level for each phase shifter and attenuator by observing the
sampled output powers, (11) should be solved for finding the
maximum at the desired output port while finding the minima at
the rest of output ports. However, since only four equations are
available and six variables (K2, K3, K4, θ2, θ3 and θ4) need to be
found, the method by detecting signals after OHM can hardly find
the optimal calibration points. To find the possible maximum and

minimum output powers with respect to the six variables, partial
derivatives of (11) with respect to all K2, K3, K4, θ2, θ3 and θ4
must be taken as follows

∂S|MAG|N
∂K2

= ∂S|MAG|N
∂K3

= ∂S|MAG|N
∂K4

= ∂S|MAG|N
∂u2

= ∂S|MAG|N
∂u3

= ∂S|MAG|N
∂u4

= 0, N = 1, 2, 3, 4.

(12)

However, each equation corresponding to N = 1,2,3 and 4 might
have different values of K2, K3, K4, θ2, θ3 and θ4 for making the
corresponding output powers minimum or maximum because each
variable is inter-related throughout all equations. For instance, the
values found in the case of N = 1 might not be able to maintain
optimal calibration for other output ports (N = 2, 3 or 4). If the
case of N = 1 from (12) is taken as an example to solve for finding
K2 and θ2, the following can be observed

∂SMAG1

∂K2
= 0 ⇒ K2

= cos u2 − K3 cos (u2 − u3)+ K4 cos (u2 − u4) (13)

∂SMAG1

∂u2
= 0 ⇒ u2 = tan−1 K4 sin u4 − K3 sin u3

1− K3 cos u3 + K4 cos u4

( )
. (14)

Looking into (13) and (14), solutions for each variable are co-related
with other variables and thus exact values cannot be directly
obtained. Moreover, calculations similar to (13) and (14) must be
iterated for all conditions in (12). Therefore, the calibration
method by detecting signals after OHM undergoes severe
drawbacks such as complicated calculations or algorithms, long
calibration time due to large amount of calculations and difficulty
in finding optimal calibration points due to the lack of equations
for solving necessary variables. That is, the signal detection after
OHM cannot be an optimal calibration method. 2.5 MPA
calibration by signal detection before OHMComparing with the
calibration configuration shown in Fig. 3a, the directional couplers
for sampling calibration signals are placed before OHM as shown
in Fig. 3b. Again, the gain and phase deviations of each path
corresponding to PA1, 2, 3 and 4 are denoted as G1, G2, G3, G4

and f1, f2, f3, f4, respectively. Equations (8) and (9) are applied
to indicate the relative gain and phase deviations from each path.
Then, the sampled signals S1, S2, S3 and S4 with respect to the
CW-pilot signal, S0, can be found as follows

SN = x

2
· S0 · GN · e−jfN ; x = 1 for N = 1, x = −j for N

= 2, 3 and x = −1 for N = 4. (15)

Unlike the sampled signals after OHM, the amplified signals
detected before OHM are not yet recombined through OHM and
thus the magnitude and phase of each array paths are found
independently to other paths. That is, relative gain and phase
deviations among the array paths can be directly compared as
shown in Fig. 6, resulting in accurate correction of magnitude and
phase errors to the corresponding array path. That is, the ideal
MPA condition referring to (8) and (9), K2 = K3 =K4 = 1 and θ2 =
θ3 = π/2, θ4 = π can be quickly and precisely achieved by adjusting
attenuators and phase shifters in the corresponding array paths.

3 Measurement results

To compare the efficiency of two different calibration approaches,
4 × 4 MPA was implemented at 900 MHz Industrial, Scientific and
Medical (ISM) band for the ease of verification. The 4 × 4 MPA
was configured with two 4 × 4 Butler matrices as IHM and OHM,
phase shifters and attenuators, drive amplifiers and 10 dB

Fig. 5 Port-to-port isolation variation by gain and phase deviations for
general 4 × 4 MPA configuration
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directional couplers as shown in Fig. 3 where PA was replaced by
drive amplifiers for measurement purpose.

3.1 4 × 4 Hybrid coupler, phase shifter and attenuator
design and measurement

The 4 × 4 Butler matrices, designed as IHM and OHM, were shown
in Fig. 2, where commercially available LTCC 3 dB couplers were
used. Fig. 7 shows the measured S-parameters. Port 1 was used as
an input port while ports 5, 6, 7 and 8 were used as output ports.
The measured transmission loss variations of the 4 × 4 Butler
matrix outputs were <1.1 dB as shown in Fig. 7a and the
measured phase variations from the ideal phase differences among
the output ports (0°, −90°, −90° and −180°) were <2° from
800 MHz to 1 GHz as shown in Fig. 7b. Moreover, the isolations
were better than 28 dB and return losses were always better than
33 dB at 900 MHz ISM band (902–928 MHz).

For quick estimation, the combining loss contour plot and
isolation contour plot as shown in Figs. 4 and 5 can be referred to
predict the approximate performance of the calibration technique
with the real OHM. On the basis of the plots, even though OHM
is not included in the calibration, the isolation characteristic better
than 30 dB and the combining loss characteristic better than 1.0
dB can be approximated.

To adjust the gain and phase deviations in 4 × 4 MPA,
reflection-type voltage-controlled phase shifter and attenuator were
designed and measured at the centre frequency of 900 MHz ISM
band as shown in Figs. 8 and 9. The phase shifter used varactor
diode where the variation of capacitance was controlled by applied
voltage, resulting in phase shift. Moreover, the attenuator used PIN
diode where resistance of PIN diode was controlled by applied
voltage, resulting in attenuation. As shown in Fig. 8b, the
maximum phase shift could be achieved up to 90° by varying
voltages from 0 to 4 V while the insertion loss variation was <0.2
dB during the phase shift. As shown in Fig. 9b, the maximum

attenuation of 10 dB could be achieved by varying voltages from 0
to 0.7 V while the phase variation during the attenuation was <4°.

3.2 Hybrid simulation by using simulation models and
measurement data

Although the calibration method by detecting signals before OHM
could directly adjust corresponding magnitude and phases in each
array path, the effect of OHM was not taken into account when
the sampled signals were processed for path calibration. That is, in
order to verify the signal detection before OHM as an optimal
calibration method, the output performance affected by the
exclusion of OHM for calibration should also be investigated. In
order to verify the prediction and practical performance of the
calibration method detecting signals before OHM, hybrid
simulation test was set as shown in Fig. 10. In the hybrid
simulation test, ADS was again used where the measured OHM
were imported and simulated with ideal built-in amplifier, phase
shifter and attenuator ADS models so as to see the pure effect of
uncalibrated OHM on the MPA calibration result. For the ease of
test verification, the values of phase shifter and attenuator ADS
models were set to make each array path in balance as if
calibration was conducted excluding only OHM. That is, the
electrical characteristics of each array path were adjusted to have
equal magnitude and ideal phase differences (0°, −90°, −90° and
−180°) at each frequency by setting of phase shifter and attenuator
models in the ADS simulation manually in order to only reflect
the effect of OHM after calibration. This hybrid simulation test
was valid since we assumed that the ideal calibration was
performed up to the OHM and we were only interested in how the
uncalibrated OHM affects the electrical performances of MPA
such as combining loss and isolation among output ports.

Fig. 11 shows that the combining loss over the operation band
(902–928 MHz) was <0.6 dB and the output isolations were better
than 30 dB over the operation band. That is, although the
calibration method detecting signals before OHM did not include
OHM in the calibration process, the effects of OHM in terms of
combining loss and isolation characteristics were not significant.

3.3 Comparison of the calibration methods by
measurement

To compare the efficiency of two calibration approaches where
calibration signals were sampled before and after OHM,
respectively, the measurements were conducted with the designed
IHM, OHM, phase shifter, attenuator and commercially available
drive amplifier and 10 dB directional coupler as shown in Fig. 12.

Fig. 6 Simplified calibration steps made possible by signal detection before
OHM

Fig. 7 Measured S-parameters of the 4 × 4 Butler matrix

a Transmission, return and isolation characteristics
b Output phase characteristics
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The drive amplifier had a gain of 19 dB, an input return loss of 20 dB
and an output return loss of 21 dB at 915 MHz. For the ease of
measurement, vector network analyser was used to monitor the
sampled calibration signals.

Fig. 13 shows the measurement of the uncalibrated 4 × 4 MPA
performance where In4, Out1, Out2, Out3 and Out4 could be
referred to Fig. 10. Here, the uncalibrated MPA showed output
power of 15.4 dBm and isolation of about 24 dB at 915 MHz.

To calibrate the magnitude and phase deviation as shown in
Fig. 13, the first approach that detected sampled signals after
OHM was conducted and the measured results were shown in
Fig. 14. Here, 10 dB directional coupler was placed after OHM
and thus only relative magnitudes of the sampled signals could be
monitored. We randomly adjusted phase shifters and attenuators
until maximum isolation characteristic seemed to be reached. The
measured isolation was about 27.2 dB where 3.2 dB was improved
from the uncalibrated isolation. Moreover, the measured output
power was about 15.1 dBm at 915 MHz.

Fig. 8 Reflection-type voltage-controlled phase shifter

a Schematic of the designed phase shifter
b Phase shift and insertion loss variation characteristics according to control voltage

Fig. 9 Reflection-type voltage-controlled attenuator

a Schematic of the designed attenuator
b Attenuation and phase variation characteristics according to control voltage

Fig. 10 Hybrid simulation test setup where measurement data and
simulation models are used together
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Finally, the second approach that detected sampled signals before
OHM was conducted. Since both magnitudes and phases of the
sampled signals could be monitored, the calibration steps described
in Fig. 6 could be followed. Fig. 15 showed the measured isolation
characteristics as well as the sampled signals before and after the
calibration. Here, paths 1, 2, 3 and 4 corresponded to the paths to
Out1, Out2, Out3 and Out4, respectively. Figs. 15a and c showed
the sampled magnitude and phase before the calibration where the

magnitude deviation was about 1.0 dB and the relative phase
deviation from the ideal phase difference was about 4° in the
operation band. Figs. 15b and d showed the sampled magnitude
and phase after the calibration where the magnitude and phase
balances were within 0.05 dB and 0.5° in the operation band.
Having the 4 × 4 MPA calibrated, the measured isolation was about
30.2 dB where 6.2 dB was improved from the uncalibrated
isolation and the measured output power was 14.9 dBm.

Fig. 11 Hybrid simulation test results of the 4 × 4 MPA using the calibration method detecting signals before OHM

a Combining loss
b Isolation characteristics

Fig. 12 Measurement setup for 4 × 4 MPA at 900 MHz ISM band

Fig. 13 Measured 4 × 4 MPA isolation characteristics before calibration
Fig. 14 Measured 4 × 4 MPA performance after using the first calibration
method where signals were sampled after OHM
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By comparing the measured results, the calibration approach
detecting sampled signals before OHM showed better isolation
performance as well as the ease of calibration process.

4 Conclusion

To maximise the effective use of MPA, a calibration circuitry that
can accurately correct magnitude and phase deviations in the array

path of MPA should be included. Although there have been
several calibration methods proposed previously, calibration signal
sampling hardware platforms can be divided into two ways: signal
detection after OHM and before OHM. Therefore, this paper first
theoretically analysed two different calibration platforms based on
the calibration signal detections to find out the optimal calibration
configuration for MPA. The calibration configuration detecting
signals after OHM could not avoid complicated and long
calculations because of the insufficient information on magnitude

Fig. 15 Measured 4 × 4 MPA performance after using the second calibration method where signals were sampled before OHM

a Sampled magnitude measurement before calibration
b Sampled magnitude measurement after calibration
c Sampled phase measurement before calibration
d Sampled phase measurement after calibration
e Measured isolation characteristic after calibration
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and phase deviations. On the other hand, the calibration
configuration detecting signals before OHM could simplify the
required calculations but OHM was not taken into account for
calibration. Thus, the pure effect of OHM on MPA performance
was also analysed and estimated by the integration of calibrated
blocks and uncalibrated 4 × 4 Butler matrix through a hybrid
simulation test. Furthermore, the two approaches were tested at
900 MHz ISM band by designing and using reflection-type phase
shifter and attenuator and commercially available 10 dB directional
coupler and drive amplifier. The measured results showed that the
calibration hardware platform detecting signals before OHM as the
optimal calibration technique.
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