(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

WO 2024/253644 Al

12 December 2024 (12.12.2024) WIRPOIPCT
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
HO1P 5/12 (2006.01) HO04B 15/02 (2006.01) kind of national protection available). AE, AG, AL, AM,
HO1P 5/16 (2006.01) HOIP 5/19 (2006.01) AOQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
HO1P 5/18 (2006.01) HOIP 5/20 (2006.01) CA, CH, CL,CN, CO, CR, CU, CV, CZ,DE, DJ, DK, DM,
HO04B 1/525 (2015.01) HO04B 1/52 (2015.01) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
. Lo HN,HR,HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE, K G,
(21) International Application Number:pCT/Usz()23/024562 KIL KN, KP. KR, KW, KZ. LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
(22) International Filing Date: NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
06 June 2023 (06.06.2023) RS, RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,
(25) Filing Language: English ;2 TZl\l/\I/ITZI\\INTR TT, TZ, UA, UG, US, UZ, VC, VN, WS,
(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every
(71) Applicant: BAYLOR UNIVERSITY [US/US]; 213 Pat kind of regional protection available): ARIPO (BW, CV,
Neff Hall, One Bear Place, Box 97034, Waco, TX GH, GM, KE, LR, LS, MW, MZ, NA, RW, SC, 8D, SL, ST,
76798-7034 (US). SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
L RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
(72) Inventors: BAYLIS, Charles P., II; c/o Baylor Universi- DE, DK, EE. ES, I, FR, GB, GR, HR, HU, IE, IS, IT, LT,
ty, 213 Pat Neff Hall, One Bear Place, Box 97034, Waco, LU, LV, MC, ME, MK, MT, NL, NO, PL. PT, RO, RS, SE.
TX 76798-7034 (US). GOAD, Adam; c/o Baylor Univer- SI, SK. SM, TR). OAPI (BF, B, CF, CG, CI, CM. GA, GN,
sity, 213 Pat Neff Hall, One Bear Place, Box 97034, Waco, GQ, GW. KM, ML, MR, NE, SN, TD, TG).
TX 76798-7034 (US). EGBERT, Austin, Scott; c/o Baylor
University, 213 Pat Neff Hall, One Bear Place, Box 97034, Published:
Waco, TX 76798-7034 (US). —  with international search report (Art. 21(3))
(74) Agent: ROURK, Christopher, J. et al.; Jackson Walk-

er LLP, 1401 McKinney Street, Suite 1900, Houston, TX
77010 (US).

(54) Title: IN-SITU RADIO FREQUENCY CURRENT ASSESSMENT FOR ARRAY TRANSMISSION AND OPTIMIZATION

TUNABLE
MATCHING MORTI gguptsa
NETWORK 104 =2
SOFTWARE-
DEFINED RADIO
108
FIGURE 1 100 ‘f

woO 20247253644 A1 |0 0000 K000 000 0 0 0 00

(57) Abstract: A system for array antenna, optimization, comprising a power amplifier, a tunable matching network coupled to the
power amplifier, s 4-port coupler coupled to the tunable matching network, a phased array antenna coupled to the 4 port coupler and
a software defined radio coupled to the 4-port coupler, wherein the tunable matching network is configured to modify an impedance
as a. function of a plurality of voltages of the 4-port coupler.



10

15

20

25

30

WO 2024/253644 PCT/US2023/024562

IN-SITU RADIO FREQUENCY CURRENT ASSESSMENT FOR
ARRAY TRANSMISSION AND OPTIMIZATION

TECHNICAL FIELD

The present disclosure relates generally to wireless data transmission, and more
specifically to an in-situ radio frequency (RF) current assessment for array transmission and

optimization.
BACKGROUND OF THE INVENTION

[0001] Phased-array transmitters can be useful, but due to congestion from other signal sources
it is important to configure them properly. There are many problems with known approaches

to configuring phased array transmitters.

SUMMARY OF THE INVENTION

[0002] A system for array antenna optimization is disclosed that includes a power amplifier. A
tunable matching network is connected to the power amplifier, and a 4-port coupler is coupled
to the tunable matching network. A phased array antenna is connected to the 4 port coupler,
and a software defined radio is connected to the 4-port coupler. The tunable matching network
is configured to modify an impedance as a function of a plurality of voltages of the 4-port
coupler.

[0003] Other systems, methods, features, and advantages of the present disclosure will be or
become apparent to one with skill in the art upon examination of the following drawings and
detailed description. It is intended that all such additional systems, methods, features, and
advantages be included within this description, be within the scope of the present disclosure,

and be protected by the accompanying claims.
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0004] Aspects of the disclosure can be better understood with reference to the following
drawings. The components in the drawings may be to scale, but emphasis is placed upon clearly
illustrating the principles of the present disclosure. Moreover, in the drawings, like reference
numerals designate corresponding parts throughout the several views, and in which:

[0005] FIGURE 1 is a diagram of a system for configuring a phased-array antenna, in

accordance with an example embodiment of the present disclosure;
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[0006] FIGURE 2 is a diagram of an algorithm for adjusting a matching network as a function
of voltages measured at a 4-port coupler, in accordance with an example embodiment of the
present disclosure;

[0007] FIGURE 3 is a diagram of a validation model that uses an ideal dual-directional
coupler;

[0008] FIGURE 4 is a diagram of a measurement setup, in accordance with an example
embodiment of the present disclosure;

[0009] FIGURE 5 is a diagram of a schematic for a general case derivation, in accordance with
an example embodiment of the present disclosure;

[0010] FIGURE 6 is a diagram of measurements performed across different I, values,
resulting in varying values of vector antenna current /¢ ;

[0011] FIGURE 7 is a diagram comparing measured and simulated voltages of both ports three
and four of dual-directional coupler, in accordance with an example embodiment of the present
disclosure;

[0012] FIGURE 8 are diagrams of V3 and V, in terms of the magnitudes and phase difference
of the voltages for the different current magnitudes caused by the differing I, values, in
accordance with an example embodiment of the present disclosure;

[0013] FIGURE 9 is a diagram comparing the antenna current /,,,;, based on the measurement
of V3~ and V, and the use of equations (11), (13), and (1) with the current value assessed
directly in simulation using the current probe tool;

[0014] FIGURE 10 is a diagram of error variation across the I, Smith Chart using color
coding, in accordance with an example embodiment of the present disclosure; and

[0015] FIGURE 11 is a diagram of a comparison between measurement and simulation in
terms of the current magnitude and phase values, in accordance with an example embodiment

of the present disclosure.
DETAILED DESCRIPTION OF THE INVENTION

[0016] In the description that follows, like parts are marked throughout the specification and
drawings with the same reference numerals. The drawing figures may be to scale and certain
components can be shown in generalized or schematic form and identified by commercial
designations in the interest of clarity and conciseness.

[0017] In the increasingly congested wireless spectrum, phased-array transmitters can be used
to provide spatial diversity as an additional measure of coexistence. Reconfigurable matching

networks placed between the power-amplifier device and the antenna can allow the amplifiers
2
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in the transmitter elements to maximize output power while maintaining desired beam fidelity.
A challenge with the use of reconfigurable matching networks in array transmitters is that they
alter the system calibration. This disclosure provides a system and method for in-situ
measurement evaluation of antenna input current using a dual-directional coupler placed in an
array element. Measurement validation can be performed using a two-port vector network
analyzer with an load-pull tuner emulating a changing antenna impedance, and after validation
the system and method can be used in normal operation. The present disclosure improves the
ability to maintain the array pattern and can ease issues stemming from changing array
calibration with reconfigurable array element circuits.

[0018] Spectrum-use systems benefit from the ability to adapt to their surroundings and
reconfigure to optimize performance in available spectral and spatial channels. In transmitter
power amplifiers, an impedance tuner placed between the power amplifier device and antenna
can provide on-the-fly impedance matching to maximize output power (and corresponding
transmission range) or efficiency, while also minimizing nonlingarities that distort the spectrum
and array pattern. Such real-time tunable behavior provides improved performance over wider
bandwidths than is possible with a static transmitter design. When a reconfigurable impedance
tuner is placed in an element of a transmitter array, reconfiguring the impedance tuner can
cause the magnitude and phase of the element’s transmission to change. If the impedances in
different elements are tuned differently, that tuning can alter the array pattern. Because the
surface current of the antenna determines the array pattern, it is desirable to monitor the antenna
input current during impedance tuning to assess the effects of the tuning on the array
transmission pattern. The present disclosure provides a measurement validation of this
approach, and includes non-ideal measurement and measurement-port terminations.

[0019] Array transmitter calibration techniques can be used to assess the traveling-wave
voltage magnitude and phase transmission parameters of each element using scattering
parameters (S-parameters) or equivalent approaches. Calibration allows transmitter magnitude
and phase offsets to be adjusted and allows receiver signal processing to be changed to ensure
proper detection of the signal. If an uncorrected phase error exists, it can result in poor radar
detection in radar arrays. In most array calibrations, external equipment or measurements are
required.

[0020] Array calibration techniques can use internal calibration networks to determine drift
from the initial calibration, but are not well adapted to accommodate drastic changes in

transmission characteristic that result from adaptively changing power, frequency, and load
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impedance. While RF current measurements can be difficult to obtain, RF voltage
measurements are simpler to perform. The present disclosure includes measurement validation
of an approach to use two in-situ voltage measurements to calculate the total current present at
the input to the antenna of each individual array eclement. With these real-time current
measurements, array calibration is greatly simplified, since the antenna excitation can be
known through changes in transmission characteristics, such as those induced by an impedance
tuner, or varying mutual coupling environments.

[0021] FIGURE 1 is a diagram of a system 100 for configuring a phased-array antenna, in
accordance with an example embodiment of the present disclosure. System 100 includes
amplifier 102, tunable matching network 104, 4-port coupler 106, software-defined radio 108
and phased-array antenna 110.

[0022] Calculation of the current incident on phased array antenna 110 connected to the output

port of 4-port coupler 106 can be performed using the following equations:

v .-V

[0023] I, = —antz ant (1)
0

vy
[0024] Vg, = S_sﬁ (2)

42 531

s SpSap\ Vi TSLVS

0025] Vi, = 321y; + (5 _ 3z ) Ss1 3
[ ] ant Saq 3 22 Saq Saz _545135132 ( )
where
Iant is the current entering the antenna
Vant is the voltage across the antenna input ports
Zant is and the impedance seen looking into the antenna

[0026] While equation (1) is generally applicable, equations (2) and (3) are valid when V5" =
V," = 0. This condition requires that perfect, non-reflecting loads be connected to ports 3 and
4 of 4-port coupler 106, which can be implemented as an RF-Lambda RFDDC8G2615 coupler
or other suitable devices, and which may not have perfect, non-reflecting loads, depending on
the measurement equipment used. As such, exact assessment of V,; and V,, requires that
these assumptions be removed. The following equations generically define the waves leaving

the ports (V;, V5, V5, Vy) in terms of the waves entering the ports (V;", V', V3h, V,5):

[0027] Vi = S Vi + S1,Vor + S5V + Su Wt 4

[0028] V= Sy Vit + SpoVoh + Sy Vit + So, Vit (5)

[0029] V5 = S5 Vi + S3,Vo" + SgaVsh + S5,V (6)

[0030] V, = S, Vit + S,V + SusVst + S, V" (7)
4
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[0031] Additionally, if the loads on ports 3 and 4 possess known reflection coefficients I'; 5 and
[ 4, respectively, then
[0032] V5" =Ty5V5 (8)
[0033] V" =T,V 9
5  [0034] Solving equation (6) for V;" and using equations (8) and (9) gives
[0035] Vi = 5= (Vs = Ssa¥s' = SsslusVs = SsaliaVi)  (10)

[0036] Substituting equation (10) into equation (7), including use of equations (8) and (9), and
solving for V" gives
[0037] V' = Vg, =

V3 (—?_1"'—5451533 Tp3=SazlLz)+Vy (—5451534FL4_544FL4+1)
10 31 31 31

5S (11)
_ 4513132+S42

[0038] Substituting equation (10) into equation (5) gives

_ 821532 _(S21 S21533
Vi =V =V <_ 2 522) + Vs <S_1 - ; I3 + SZBFL3>
S31 31 31
AYSRY
+V <_ %FM + 524FL4> (12)
31

[0039] Substituting equation (11) into equation (12) gives

521832 ¢
- _pyt+t —vy- S 22 Sa1 | 541533 _ S21 _ 521533
15 [0040] VZ - Vant - V3 —%Z-I—S“( S31 + S31 FLB S43FL3) + (531 S31 FLB +
521832, ¢
—_ S 22 (5445 5518
Saslis) |+ Vi | st (B2t — Sualla + 1) + (- 2240, 5,1, ) | (13)
Sa1 42

[0041] The next step is to substitute Vi =Vi;/(1+1;3) and V, =V, /(1 +1;,) into
equations (11) and (13) to obtain expressions for V,, and V,; as follows:

Vs Sa1, 541533 Va (541534
( f Tp3=Saslrs [t o TLa—S4al a1

+ _ - _ 1+Tpz\ S31 Sz 1+Tp4\ S31
[0042] VZ - Vant - S41532 (14‘)
o=t Sa
S31

v, [ TEEes,, oo $41S s $;18

— S
20 [0043] Vy = Vie = | st (32 4 32y, g, ) + (R -y, 4

1+Tp3 %h&z S31 S31 S31 S31

—521532+522

S23l1s) | + oo | oot (2 0 — Sualle + 1) + (2201, + S0l) | (15)

-S115
14T, %ﬂ%z S31
31

[0044] This solution gives V,;,; and V., in terms of the total measured voltages V5 and V.
Unlike equations (2) and (3), equations (14) and (15) use total voltage measurements and

5
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account for the reflection from each port of the measurement device. This solution expands the
measurement techniques that can be used to implement the disclosed systems and methods. For
example, software-defined radio platform 108 (which measures total voltage and does not
separate incident and reflected voltage waves) can be used in conjunction with an actual array
platform to assess the total voltages V5 and V,, calculating V;;,; and V., using equations (14)
and (15), respectively, and using these calculated voltages to assess the antenna current using
equation (1).

[0045] Array calibration can include the characterization of the full transmit amplifier chain,
such as where power amplifier 102 is a plurality of amplifiers, and often the antennas, channel,
and receiver chain. However, the calibration is invalidated as the transmitter reconfigurable
matching network is reconfigured. As such, array calibration techniques in a situation
involving a reconfigurable matching network can require a pre-calibration for each possible
matching network setting. Such pre-calibration is an involved task, due to the vast number of
possible tuning configurations of the full array. Using direct monitoring of the antenna current
as disclosed herein eliminates the need for pre-calibration, and if the antenna pattern is known,
allows for monitoring of the array pattern in real-time. The disclosed current monitoring
method only involves characterization of the passive four-port coupler and antenna, and thus
provides novel and non-obvious advantages.

[0046] FIGURE 2 is a diagram of an algorithm 200 for adjusting a matching network as a
function of voltages measured at a 4-port coupler, in accordance with an example embodiment
of the present disclosure. Algorithm 200 can be implemented in hardware or a suitable
combination of hardware and software.

[0047] Algorithm 200 begins at 202, where a voltage is monitored at a 4-port network. In one
example embodiment, the voltage can be measured using the systems and processes discussed
herein or other suitable systems and processes can also or alternatively be used. The algorithm
then proceeds to 204.

[0048] At 204, it is determined whether it is necessary to adjust an impedance, such as an
impedance of a matching network or other suitable impedances for the compensation of the
impedance of of a phased array antenna. The determination can be based on a solution to one
or more of the algorithms disclosed and discussed herein or in other suitable manners. If it is
determined that adjustment is needed, the algorithm proceeds to 206, otherwise the algorithm
proceeds to 210 where the system is operated without modifying the impedance of the matching

network.
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[0049] At 206, a matching network impedance is adjusted to match the impedance of the
phased array. In one example embodiment, the impedance can be adjusted using the systems
and processes discussed herein or other suitable processes can also or alternatively be used.
The algorithm then proceeds to 208.
5  ]0050] At 208, the voltage across the 4-port coupler or other suitable devices is measured, and

the algorithm returns to 204.
[0051] In operation, algorithm 200 can be used to adjust a matching network as a function of
voltages measured at a 4-port coupler. While algorithm 200 is shown as a flow chart, a person
of skill in the art will recognize that it can also or alternatively be implemented using a state

10  diagram, using object-oriented programming, using a ladder diagram or in other suitable
manners.
[0052] FIGURE 3 is a diagram 300 of a validation model that uses an ideal dual-directional
coupler. The present disclosure can be validated using the Keysight Advanced Design System
(ADS) available from Keysight Technlogies of Santa Rosa CA to perform simulations. Table

15 I shows the results of an example simulation validation. Using the ADS, V5 and V, were
assessed, and using equations (2) and (3) with (1) to calculate /_,;.. The “ground truth” for
comparison, I, .4, 18 assessed through the ADS current probe tool (“1_Probe™) in diagram 300.
Table I shows the results for this simulation with various source and load impedances using
equations (2) and (3) with ideal 50 Q loads acting as the measurement device termination.

20  These results demonstrate complete agreement between the simulated current and measured

results.
Table I: Simple Simulation Validation Test Results

# Z s(Q) Z L(Q) VvV 3) vV 4(V) I meas (A) | I calc (A)
1 50 50 5.62/90° 1.00/90° 0.54/0° 0.54/0°

2 50 5 5.66/96° 3.71/-74° | 0.89/0° 0.89/0°

3 50 5415 5.98/95° 3.29/-105° | 0.87/-12° | 0.87/-12°
4 15 50 4.43/90° 0.787/0° 0.43/0° 0.43/0°

5 15+8 50 5.58/75° 0.783/-6° | 0.43/-6° 0.43/-6°

[0053] FIGURE 4 is a diagram of a measurement setup 400, in accordance with an example
25  embodiment of the present disclosure. Measurement setup 400 includes network analyzer 402,

dual-directional coupler 404, 50 ohm termination 406, attenuator 408, load-pull tuner 410 and
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power meter/sensor 412, each of which can be implemented in hardware or a suitable
combination of hardware and software.

[0054] The present disclosure also validates the ability to assess the antenna currents with
measured voltage waves. One port of network analyzer 402, which can be a vector network
analyzer (VNA) or other suitable network analyzers, can be used to generate an incident voltage
wave V;" to port 1 of dual-directional coupler 404. A second port of network analyzer 402 can
be used to sequentially measure the traveling-wave voltages V3 and V, based on the
transmission measurement network analyzer 402 (giving S34 and S44). The measurements can
be performed sequentially, such as when a two-port network analyzer is used for the
measurement. The port not terminated in the second port of network analyzer 402 can be
terminated in 50 Q load 406, and a 6 dB attenuator 408 can be used to remove unwanted
reflections. Because network analyzer 402 is used to assess traveling-wave voltages, equations
(11) and (13) can be used with the measured data to calculate V,; and V!, for use in equation
().

[0055] Because of the VNA calibration, along with the termination of the non-VNA connected
port to the 6 dB attenuator and 50 Q load used during its characterization, it was assumed [} 3 =
[, = 0 allowing use of (11) and (13).

[0056] FIGURE 5 is a diagram 500 of a schematic for a general case derivation, in accordance
with an example embodiment of the present disclosure. This test used measured S-parameters
of a coupler and allowed the ability to change not only the source and load impedances, but
also the impedance of the measurement device(s) on the other two ports.

[0057] Several different impedances were connected to ports 3 and 4 of the coupler to test the
disclosed analytical model. The results of these tests are shown in Table II. The currents /.4;,
shown in Table II, calculated using equations (1), (14), and (15), match the /.4, results from
the ADS current probe in all cases to floating-point precision. This simulation demonstrates
the applicability of the present disclosure to measurement equipment using the more complete
calculations prescribed in equations (1), (14), and (15). As expected, the results correlate

exactly in an environment free from measurement noise and repeatability issues.

Table II: Advanced Simulation Validation Test Results

SUBSTITUTE SHEET (RULE 26)

# Z s(Q) Z L(Q) Z 3(Q) Z 4(Q) I meas (A) | I calc (A)
50 50 50 50 0.54/- 0.54/-
59.30° 59.30°
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2 50 5 15 35 0.98/- 0.98/-
59.69° 59.69°
3 50 5H15 15425 3545 0.94/- 0.94/-
74.96° 74.96°
4 15 50 15425 155 0.45/- 0.45/-
59.30° 59.30°
5 1548 50 250 155430 | 0.45/- 0.45/-
66.29° 66.29°

[0058] FIGURE 6 is a diagram 600 of measurements performed across different I, values,
resulting in varying values of vector antenna current /,,,,. For comparison, calculation of
current for the same 25 points was performed in the ADS. In both simulation and measurement,
V; was chosen as the phase reference of zero degrees. Diagram 600 shows emulated values of
the antenna reflection coefficient I, using a load-pull tuner.

[0059] FIGURE 7 is a diagram 700 comparing measured and simulated voltages of both ports
three and four of dual-directional coupler 404, in accordance with an example embodiment of
the present disclosure. A comparison of the voltage measurements against a simulation is
shown for (a) V_3 and (b) V_4. The voltage for V_3 is used as the zero phase reference; as
such, only magnitude is shown. When compared with the simulation results using the same
input voltage and the characterized-network S-parameters, the magnitudes of V3 have a
maximum percent error of 1.72% and an average error magnitude of 179.49 uV. The values
for V, have a maximum percent error of 25.98%, but this error occurs at the point where the
load was set to 50 Q, and the magnitude of V, is near zero. The actual voltage error magnitude
is only 108.11 uV, and the average voltage error magnitude is 330.12 uV.

[0060] FIGURE 8 are diagrams 800A and 800B of V; and V, in terms of the magnitudes and
phase difference of the voltages for the different current magnitudes caused by the differing
Ine values, in accordance with an example embodiment of the present disclosure. The
comparison of V_3 and V_4 for the measured and simulated voltage 800A magnitude and 800B
phase difference are shown. The simulated and measured values appear nearly identical.
Diagram 800A shows that the measured voltage magnitudes of V5 and V, compare very well to
the simulated data. Diagram 800B shows excellent agreement between the measured and
simulated phase differences between the voltages.

[0061] The strong agreement between these simulations and measurements demonstrates
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accurate modeling of the test setup in the simulator. This means that it is expected that the
measured and simulated values of I,,,; will also have good correspondence.

[0062] FIGURE 9 is a diagram 900 comparing the antenna current I,,,, based on the
measurement of V3~ and V, and the use of equations (11), (13), and (1) with the current value
assessed directly in simulation using the current probe tool. The measured current values have
an average error magnitude of 66.87 pA and average percent error of 1.23%. The maximum
current error magnitude was 187.93 pA, with a maximum percent error of 4.42% observed.
The comparison shows measured and simulated currents for all points on the complex plane.
[0063] FIGURE 10 is a diagram 1000 of error variation across the I7,,,, Smith Chart using
color coding, in accordance with an example embodiment of the present disclosure. The
measured versus simulated current error vector magnitude is shown as a function of I'_ant. The
error generally increases at larger reflection magnitudes, as the reflected signal at coupler port
4 becomes more pronounced, and its phase accuracy plays a more significant role in the result.
Many of the points near the left edge of the Smith Chart have the highest error vector magnitude
currents. However, it should be noted that the real part of the impedance is very low in this
region, resulting in large currents. While the error is larger in value, it is a smaller fraction of
the actual current for these values of I;;,;. The impedance with the maximum error in diagram
1000 has a percent error of only 1.93% (this is a 187 uA error vector magnitude fora 9.71 mA
measurement).

[0064] FIGURE 11 arc diagrams showing a comparison between measurement 1100A and
simulation 1100B in terms of the current magnitude and phase values, in accordance with an
example embodiment of the present disclosure. Since the plot of measurement and simulation
data is performed against simulated data, the simulated data forms a straight line on the plot,
and the variation of the measured data from this line can be observed. In this visualization, it
is also apparent that current calculations from measurement results correspond very well to the
simulated current-probe data.

[0065] A method of monitoring the current entering a phased-array antenna has been
measurement validated using traveling-wave voltage measurements with a four-port dual-
directional coupler. Further, a measurement approach allowing the total voltage at the coupled
ports has been derived and validated through extended simulation results. This disclosure can
be utilized for in-situ implementation in array transmitter elements, and can be useful when
element transmission magnitude and phase are expected to vary in real-time, such as when real-

time impedance tuning is performed in the element, or mutual coupling changes antenna

10
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impedance (such as when mutual coupling varies from element to element). The ability to
monitor the input current to the array antennas allows calculation of the array transmit pattern
if the individual antenna patterns are predetermined, which removes the need for pre-
calibration of the transmitter at all possible tuner settings. Further, the disclosed system and
method can be used to replace or to provide useful assistance to traditional array calibration for
some applications. When implemented in an array setup, the present disclosure can enable the
use and reconfiguration of tunable matching networks to optimize array performance with
changing transmission characteristics in a dynamic environment. The theoretical, simulation,
and measurement-based justification of the in-situ monitoring approach presented in this
disclosure can be used in transmitters with confidence that it will provide accurate monitoring
of the antenna currents.

[T 1
a

[0066] As used herein, the singular forms “a”, “an” and “the” are intended to include the plural

forms as well, unless the context clearly indicates otherwise. It will be further understood that

>

the terms “comprises” and/or “comprising,” when used in this specification, specify the
presence of stated features, integers, steps, operations, elements, and/or components, but do
not preclude the presence or addition of one or more other features, integers, steps, operations,
elements, components, and/or groups thercof. As used herein, the term “and/or” includes any
and all combinations of one or more of the associated listed items. As used herein, phrases such
as “between X and Y™ and “between about X and Y™ should be interpreted to include X and Y.
As used herein, phrases such as “between about X and Y~ mean “between about X and about
Y.” As used herein, phrases such as “from about X to Y” mean “from about X to about Y.”

[0067] As used herein, “hardware” can include a combination of discrete components, an
integrated circuit, an application-specific integrated circuit, a field programmable gate array,
or other suitable hardware. As used herein, “software” can include one or more objects, agents,
threads, lines of code, subroutines, separate software applications, two or more lines of code
or other suitable software structures operating in two or more software applications, on one or
more processors (where a processor includes one or more microcomputers or other suitable
data processing units, memory devices, input-output devices, displays, data input devices such
as a keyboard or a mouse, peripherals such as printers and speakers, associated drivers, control
cards, power sources, network devices, docking station devices, or other suitable devices
operating under control of software systems in conjunction with the processor or other devices),
or other suitable software structures. In one exemplary embodiment, software can include one

or more lines of code or other suitable software structures operating in a general purpose
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software application, such as an operating system, and one or more lines of code or other
suitable software structures operating in a specific purpose software application. As used
herein, the term “couple™ and its cognate terms, such as “couples”™ and “coupled,” can include
a physical connection (such as a copper conductor), a virtual connection (such as through
randomly assigned memory locations of a data memory device), a logical connection (such as
through logical gates of a semiconducting device), other suitable connections, or a suitable
combination of such connections. The term “data” can refer to a suitable structure for using,
conveying or storing data, such as a data field, a data buffer, a data message having the data
value and sender/receiver address data, a control message having the data value and one or
more operators that cause the receiving system or component to perform a function using the
data, or other suitable hardware or software components for the electronic processing of data.

[0068] In general, a software system is a system that operates on a processor to perform
predetermined functions in response to predetermined data fields. A software system is
typically created as an algorithmic source code by a human programmer, and the source code
algorithm is then compiled into a machine language algorithm with the source code algorithm
functions, and linked to the specific input/output devices, dynamic link libraries and other
specific hardware and software components of a processor, which converts the processor from
a general purpose processor into a specific purpose processor. This well-known process for
implementing an algorithm using a processor should require no explanation for one of even
rudimentary skill in the art. For example, a system can be defined by the function it performs
and the data fields that it performs the function on. As used herein, a NAME system, where
NAME is typically the name of the general function that is performed by the system, refers to
a software system that is configured to operate on a processor and to perform the disclosed
function on the disclosed data fields. A system can receive one or more data inputs, such as
data fields, user-entered data, control data in response to a user prompt or other suitable data,
and can determine an action to take based on an algorithm, such as to proceed to a next
algorithmic step if data is received, to repeat a prompt if data is not received, to perform a
mathematical operation on two data fields, to sort or display data ficlds or to perform other
suitable well-known algorithmic functions. Unless a specific algorithm is disclosed, then any
suitable algorithm that would be known to one of skill in the art for performing the function
using the associated data fields is contemplated as falling within the scope of the disclosure.
For example, a message system that generates a message that includes a sender address field,

a recipient address field and a message field would encompass software operating on a
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processor that can obtain the sender address field, recipient address fiecld and message field
from a suitable system or device of the processor, such as a buffer device or buffer system, can
assemble the sender address field, recipient address field and message field into a suitable
clectronic message format (such as an electronic mail message, a TCP/IP message or any other
suitable message format that has a sender address field, a recipient address field and message
field), and can transmit the electronic message using electronic messaging systems and devices
of the processor over a communications medium, such as a network. One of ordinary skill in
the art would be able to provide the specific coding for a specific application based on the
foregoing disclosure, which is intended to set forth exemplary embodiments of the present
disclosure, and not to provide a tutorial for someone having less than ordinary skill in the art,
such as someone who is unfamiliar with programming or processors in a suitable programming
language. A specific algorithm for performing a function can be provided in a flow chart form
or in other suitable formats, where the data fields and associated functions can be set forth in
an exemplary order of operations, where the order can be rearranged as suitable and is not
intended to be limiting unless explicitly stated to be limiting.

[0069] It should be emphasized that the above-described embodiments are merely examples of
possible implementations. Many variations and modifications may be made to the above-
described embodiments without departing from the principles of the present disclosure. All
such modifications and variations are intended to be included herein within the scope of this

disclosure and protected by the following claims.
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What is claimed is:

1. A system for array antenna optimization, comprising:

a power amplifier;

a tunable matching network coupled to the power amplifier;

a 4-port coupler coupled to the tunable matching network;

a phased array antenna coupled to the 4 port coupler; and

a software defined radio coupled to the 4-port coupler, wherein the tunable matching
network is configured to modify an impedance as a function of a plurality of voltages of the 4-

port coupler.

2. The system of claim 1 wherein the impedance of the tunable matching network

is modified automatically.

3. The system of claim 1 wherein the 4-port coupler is an RF-Lambda
RFDDC826G15 coupler.

4, The system of claim 1 wherein the 4-port coupler is a dual-directional coupler.
5. The system of claim 1 wherein the 4-port coupler is coupled to an attenuator.
6. The system of claim 1 wherein the 4-port coupler is coupled to an attenuator

and the attenuator is coupled to a 50 ohm termination.

7. The system of claim 1 wherein the 4-port coupler is coupled to a load-pull tuner.

8. The system of claim 1 wherein the tunable matching network comprises a

network analyzer.

9. The system of claim 1 wherein the tunable matching network comprises a vector

network analyzer.

10.  The system of claim 1 wherein the power amplifier comprise a plurality of
amplifiers.
11. A method for optimizing a system containing an antenna, comprising:
14
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measuring a plurality of voltages at a 4-port coupler that is coupled to a tunable
matching network, a phased array antenna and a software-defined radio;
determining an impedance value for the tunable matching network; and

adjusting an impedance of the tunable matching network to match the impedance value.

12, The method of claim 11 wherein determining the impedance value for the

tunable matching network is performed automatically.

13.  The method of claim 11 wherein the 4-port coupler is an RF-Lambda
RFDDC826G15 coupler.

14.  The method of claim 11 wherein the 4-port coupler is a dual-directional coupler.
15.  The method of claim 11 wherein the 4-port coupler is coupled to an attenuator.
16.  The method of claim 11 wherein the 4-port coupler is coupled to an attenuator

and the attenuator is coupled to a 50 ohm termination.

17.  The method of claim 11 wherein the 4-port coupler is coupled to a load-pull

tuner.

18.  The method of claim 11 wherein the tunable matching network comprises a

network analyzer.

19.  The method of claim 11 wherein the tunable matching network comprises a

vector network analyzer.

20.  The method of claim 11 wherein the power amplifier comprise a plurality of

amplifiers.
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