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Te equivalent isotropic radiated power (EIRP) of high-power microwave (HPM) systems is a core-evaluating indicator. In
practical testing, locating a suitable test site for the far-feld method becomes challenging due to the requisite antenna separation.
Te conventional near-feld method necessitates the extraction of the antenna’s near-feld distribution, resulting in a testing
system of intricate complexity and diminished efciency.Terefore, the traditional near-feldmethod cannot be directly applied in
HPM systems. In the present study, a new EIRPmeasurement method for HPM systems based on near-feld testing was proposed.
First, a monitoring antenna of a considerable scale is positioned within the near-feld vicinity of the HPM antenna to capture
radiation power, thereby deriving its equivalent input power. Subsequently, according to the EIRP defnition and the measured
gain of the HPM antenna, the EIRP of the HPM system can be acquired. Teoretical research on this measurement method was
conducted, the electromagnetic simulation model was constructed, and a comprehensive analysis through simulation was
undertaken. A measurement system was developed and verifed experimentally. Te results demonstrate the precision of this
approach in determining the EIRP of the HPM system, thereby serving as a valuable tool for assessing the power-handling
capability of the HPM antenna. Te test error is ±0.5 dB.

1. Introduction

As high-power microwave (HPM) technology continues to
develop, HPM systems have been widely applied in military,
medical, energy, and other felds [1, 2]. In simple terms, an
HPM system consists of primary power, pulsed power, an
HPM source, and an HPM antenna [3–5]. To evaluate the
overall performance of an HPM system, it is necessary to
obtain the equivalent isotropic radiated power (EIRP). EIRP
is normally used to restrict the amount of radiation power
received from wireless equipment, which is defned as
EIRP � Gt × Pt, where Gt is the gain of the transmitting
antenna and Pt represents its input power. Tere are three
EIRP measurement methods: direct calculation, far-feld
[6–10], and near-feld [11–16].

Te direct calculation method, which is based on the
defnition of EIRP, cannot evaluate the power-handling
capability and radiation characteristics of the HPM an-
tenna. Tus, its application in HPM systems remains
infrequent.

Te far-feld method involves testing the received power
through a standard receiving antenna positioned in the far
feld of the antenna under test (AUT), and the system’s EIRP
is determined through path attenuation calculations. Tis
method has been widely used in ground communication,
satellite communication, radar detection, and various other
felds. Te test error associated with this method primarily
stems from calibration inaccuracies within the measuring
components and evaluation uncertainties concerning spatial
attenuation and multipath interference caused by refections
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from structures, trees, terrain, and other sources. Te EIRP
of an HPM system is usually calculated by the far-feld
method. Meanwhile, the assessment of the HPM anten-
na’s power-handling capability and its radiation charac-
teristics under HPM pulses involves a comparison of online
and radiation waveforms. However, this method has two
shortcomings: (i) It must satisfy the AUT’s far-feld con-
dition. In the case of electrically large antennas, the far-feld
distance [17, 18] ranges from several kilometers to several
hundred meters, posing challenges in locating appropriate
test sites during practical testing. (ii) Te method requires
a receiving antenna to identify the far-feld direction with the
highest value of the AUT’s radiation. During this calculation,
any multipath interference at the testing site is disregarded.
A larger test error may thus be produced.

Te near-feld method involves acquiring the amplitude
and phase distribution of the electric or magnetic feld
through the controlled movement of a probe in the proximity
of the AUT. By using the near-far feld variation method, the
far-feld characteristics of the AUT are obtained, and sub-
sequently enabling the calculation of the EIRP. In [12],
a measurement method based on the Fresnel region was
chosen to remove multipath interference. A straightforward
phase-retrieval technique, enriched with a priori information,
was introduced. Tis refnement allowed data acquisition to
occur along a single line, eliminating the requirement for two-
dimensional movement. Another paper [13] described an
experimental method of characterizing the EIRP of electri-
cally large antennas within a confned environment, obviating
the need for separation between the generator and the ra-
diating element. A near-far feld variation method was used,
wherein the phase was deduced through a comparison of
signals received by both the reference antenna and the re-
ceiving antenna. Tis technique was suitable for the char-
acterization of large-scale antennas within compact anechoic
chambers. A study [14] proposed a methodology for EIRP
system calculation employing the amplitude and phase dis-
tribution of the magnetic feld within the AUT’s very near-
feld region. Te method had the advantages of a reduced
scanning area and enhanced testing efciency. Another study
[15] proposed a coplanar phase-less near-feld measurement
system. By means of phase reconstruction, the electric feld
distribution on the far-feld spherical surface of the AUT
could be obtained. Subsequently, the near-far feld variation
method could be employed to ascertain the EIRP.Tese near-
feld methods simplifed the testing process while enhancing
precision. However, these methods required scanning within
the AUT’s near-feld area and used the near-far feld variation
technique for EIRP determination. Due to the inherent
characteristics of the HPM source, the output phase of each
pulse exhibited instability, rendering the acquisition of near-
feld phase distribution unattainable through scanning.
Terefore, the traditional near-feldmethod cannot be applied
directly in HPM systems.

In summary, traditional EIRP measurement methods
cannot meet the requirements of high efciency and pre-
cision within HPM systems, and their implementation
within limited test sites remains unfeasible. Tus, new EIRP
measurement methods need to be explored.

Here, a novel EIRP measurement method for HPM
systems is proposed and carried out in the near-feld region
of the HPM antenna. Utilizing a large-scale monitoring
antenna placed in the near-feld region, radiation power is
captured and the equivalent input power of the HPM an-
tenna is computed. Te EIRP of the HPM system is derived
from the equivalent input power and gain of the HPM
antenna. For verifcation, a simulation of an HPM system
within an anechoic chamber is conducted, followed by
a comprehensive discussion of the experimental fndings.

Compared to the traditional near-feld method, the new
approach proposed in this paper ofers several advantages:
(1) It eliminates the need for near-far feld transformation in
electric feld data, simplifying the calculation method. (2)
Te collection of phase information in the electric feld is
unnecessary, making the testing process more straightfor-
ward. (3) Obtaining the EIRP of the tested system requires
only a single pulse, making it particularly suitable for HPM
systems. Unlike the traditional near-feld method, which
relies on the microwave phase stability of the measured
system, the HPM system experiences phase instability be-
tween pulses. Consequently, the traditional near-feld
method is unsuitable for application to HPM systems.

Te paper is structured as follows: Section 2 elaborates
on the method’s principles, Section 3 delves into the design
of the test system, Section 4 encompasses the execution of
validation experiments along with result reporting, and
ultimately, Section 5 presents our concluding insights.

It should be emphasized that the method proposed in
this paper is applicable across various forms of HPM an-
tennas. In order to illustrate and carry out the verifcation
experiment, the HPM antenna used in this study takes the
form of a double refector.

2. Principles and Methods

Te proposed method is illustrated in Figure 1. Te HPM
antenna is in the form of a double refector, which consists of
a main refector, a subrefector, and a feed horn. A long-
focus ofset-feed refector antenna (OFRA) was installed as
a monitoring antenna in front of the HPM antenna.

Te principle of the method is as follows: Te separation
between the OFRA and the HPM antenna is L. Te aperture
feld of the HPM antenna is discretized with a discrete
spacing of d on both the y and z axes, and the aperture feld
matrix is Eap

mn. Te electric feld Efar
uv at the far-feld region of

the HPM antenna can be expressed as

E
far
uv �

1
A

· 
M

m�1


N

n�1
E
ap
mn exp jk · sin θ · (md cosφ + nd sinφ) ,

(1)

in which A is a constant related to the wave amplitude, θ
represents the pitch angle, and φ stands for the azimuthal
angle. Te terms md and nd correspond to the position
within the aperture feld that require discretization. U, v, m,
and n are integers, which are the position coordinates of the
discretized electric feld. When angle θ is 0°, Efar

uv can be
simplifed to
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In order to minimize the impact of scattered waves from
the monitoring antenna on the radiation felds of the HPM
antenna, the monitoring antenna is confgured as an OFRA.
When the aperture electric feld Eap(m, n) is excited, the port
response function Eport of the monitoring antenna can be
expressed as

Eport � fmn Eap(m, n) , (3)

Eport is mainly determined by the radiation characteristics of
the feed from the OFRA to the refector. fmn is used to
represent the functional relationship between the Eport and
Eap(m, n).

According to the theory of aperture antenna rays, we can
assume Eap(m, n) � Eap

mn, so Eport can be shown as

Eport � 
M

m�1


N

n�1
fmn E

ap
mn( . (4)

Assuming that the feed of the OFRA irradiates the re-
fector with a constant amplitude, Eport can be calculated
using the following expression:

Eport � 

M

m�1


N

n�1
B · E

ap
mn � B · A · E

far
uv θ � 0°( , (5)

where B is a constant related to the wave amplitude.
Equation (5) gives the relationship between Efar

uv and Eport.
When the HPM antenna radiates HPM, the response

function of the antenna’s aperture feld can be expressed as

E
ap
mn � αmn · E

inc
mn · exp jφmn( , (6)

in which Einc
mn is the incident electric feld and αmn and φmn

are the attenuation and phase shift constants, respectively,
caused by the plasma, which is generated when the break-
down occurs as the antenna radiates HPMs.

Due to the varying electric feld strengths produced by
diferent antenna aperture positions, the resulting plasma
efects also exhibit diversity, resulting in distinct values for
αmn and φmn. Under the low-power microwave (LPM)
condition, the plasma efect does not occur, so αmn � 1 and
φmn � 0. Terefore, the far feld of the HPM antenna can be
expressed as

E
far
lowpower θ � 0°(  �

1
A



M

m�1


N

n�1
E
inc
mn �

1
AB

E
lowpower
port , (7)

in which E
lowpower
port is the electric feld strength of the feed of

the OFRA with LPMs.
In the HPM condition, the far feld of the HPM antenna

can be given by

Efar
highpower θ � 0°(  �

1
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M

m�1


N

n�1
αmnE

inc
mn · e

jφmn �
1

AB
E
highpower
port ,

(8)

in which E
highpower
port is the electric feld strength of the feed of

the OFRA. In Equations (7) and (8), the far-feld charac-
teristics of the HPM antenna can be ascertained through the
utilization of the electric feld at the feed port of the OFRA.

Based on the above principles, the test system can be
simplifed to a two-port model, as shown in Figure 2.

In Figure 2, Port 1 is the microwave input port of the
HPM antenna and Port 2 is the microwave output port of the
monitoring antenna. S21 is the transmission coefcient of the
test system, which not only refects the coupling relationship
between Ports 1 and 2 but also evaluates the infuence of the

Sub-Refelctor

Main-Refelctor

Beam

AUT

Probe

Absorbing Material

L

W

(a)

Probe

Eap (mn)

Eport = fmn (E)

(b)

Figure 1: (a) Measurement method scheme and ray-tracing (b) monitoring antenna.
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test environment and the nonlinear efect. S21 is used to
evaluate the power transmission and is equivalent to 1/AB
in (7).

Given the linearity of free-space microwave trans-
missions, the stability of S21 is achieved when the antennas
maintain a consistent positional relationship, ensuring that
the HPM antenna’s test environment and performance
remain unchanged. Hence, S21 can be used to assess the
nonlinear efects of the HPM antenna under HPM. If
the received power of S21 and Port 2 under HPM are known,
the equivalent input power can be acquired at Port 1.
Terefore, the EIRP of the HPM system can be achieved by
combining the test gain of the HPM antenna. In the actual
test, S21 can be tested under LPM, and the received power of
Port 2 under HPM can be obtained, so the EIRP can be easily
calculated.

While confrming the separation between the mon-
itoring and HPM antennas on the one hand and the size
of the monitoring antennas on the other, three main
factors can be considered: (i) Te monitoring antenna
exhibited minimal alteration to the HPM antenna’s near-
feld distribution. Given the limitations of the test en-
vironment, the separation could not be excessively dis-
tant. (ii) Te presence of scattered waves from the
monitoring antenna did not signifcantly disrupt the
HPM antenna’s near-feld distribution. Terefore, ab-
sorbing materials were strategically placed around the
monitoring antenna to attenuate and mitigate the impact
of these scattered waves on the near-feld distribution.
(iii) Te dimensions of the monitoring antenna must be
chosen judiciously; a large size presents challenges in
attainment, while a smaller size could result in sub-
stantial testing errors.

For these reasons, the simulation model was established
in the Ku band, as shown in Figure 3. Te HPM antenna is
a dual-refector antenna, and the diameter D of the main
refector is 3.0m. Te monitoring antenna is the OFRA, and
the diameter of the refector is 1.5m. Antenna separation L is
5.0m, and the axis distanceW in the horizontal direction of
the refector is 0.75m.

Figure 4(a) illustrates the simulation model of the OFRA
within the electromagnetic simulation software, while
Figure 4(b) depicts its radiation pattern. Te gain at the
centre frequency of the OFRA is 45.4 dBi, with a corre-
sponding 3 dB beamwidth of approximately 0.80°.

After completing the design of the OFRA, an in-
tegrated simulation is carried out with the HPM antenna.
Disregarding the ohmic losses of the antennas and the
infuence of the test environment, the theoretically cal-
culated value for the parameter S21 is −8.63 dB. In the
actual test, S21 is subjected to the calibration result from
LPM measurements.

To assess the method’s efectiveness, the test error is
simulated based on the normal state simulation. A ring
groove is opened on the main refector of the HPM antenna
to simulate an abnormal state in the antenna performance, as
shown in Figure 5. Te directivity (D) of the HPM antenna
decreases as the size of the ring groove increases, leading to
a reduction in S21 within the test system.Te test error of this
method can be obtained by comparing ΔD and ΔS21. As
observed in Table 1, ΔS21 varies with the change in ΔD, and
the evaluation of ΔD can be assessed through the corre-
sponding values of ΔS21. When the variation in ΔD is below
0.7 dB, the error in evaluating ΔS21 is less than 0.2 dB.

3. Test System

Te confguration of the test system is shown in Figure 6.Te
test system consists of an OFRA, measurement components,
support and adjustment platforms, and absorbent materials.

Te OFRA, which is shown in Figure 7, consists of an
ofset refector and a feed horn. Te ofset refector, with
a diameter of 1.5m and a focal distance F of 2.36m, was
placed in front of the HPM antenna at a distance of 5.0m.
Te axes of the two refectors were aligned at an identical
height, maintaining a horizontal distance of 0.75meters
between them. Te feed horn employed was a multimode,
variable-angle horn, with its phase center located at the focal
point of the ofset refector. Te measurement components,
shown in Figure 8, included a mode converter, an online
coupler, a high-power absorbing load, and a detector. Te
support-adjustment platforms were used to improve the
accuracy of the measurement system. Te OFRA and
measurement components were placed on the support-
adjustment platforms capable of fve-dimensional adjust-
ments. Tese adjustments ensured the precise alignment of
the ofset refector, feed horn, and main refector in their
relative positional relationship.

Te measurement components were in the form of alu-
minum circular waveguides with diameters of 30mm. Te
simulation results indicate that with an injection power of
1GW, the maximum feld strength within the waveguide
reaches around 600 kV/cm. Tis value remains below the
breakdown threshold of aluminum under vacuum pressure.
Terefore, the power-handling capability of the measurement

the HPM
Antenna the Probe

Antenna
Port 1

Port 2

Figure 2: Test system equivalent model.

port1

port2

5 m

3 m

0.75 m

1.5 m

Figure 3: Test system simulation model (top view).
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component exceeds 1GW. Te results show that the break-
down threshold of air under normal pressure is approxi-
mately 30 kV/cm. According to the working characteristics of
the HPM system, the radiation feld of the HPM antenna

generally remains below 30 kV/cm. Te ofset refector was
made of aluminum, with a breakdown threshold signifcantly
surpassing 30 kV/cm. As a result, its power-handling capa-
bility adequately meets the test requirements.

Feed horn

Ofset-refector

0 1e+003 2e+003 (mm)
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Figure 4: (a) Te OFRA simulation model. (b) Te OFRA radiation pattern.

HPM antenna

Ofset-refector

Ring groove

Figure 5: Simulation model of HPM antenna-opening ring groove.

Table 1: S21 changes with the width of the ring groove.

Ring width (mm)
0 25 50 100

D (dBi) 51.77 51.60 51.42 51.06
ΔD (dB) 0 −0.17 −0.35 −0.71
S21 (dB) −8.63 −8.84 −9.06 −9.52
ΔS21 (dB) 0 −0.21 −0.43 −0.89
ΔS21 − ΔD (dB) 0 0.04 0.08 0.18
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4. Experiments and Results

Te test system was meticulously developed, and subsequent
verifcation experiments were carried out within the testing
facility. Te test procedure was as follows:

(i) We established the test system according to the
positional relationship between the HPM and the
monitoring antennas. Te main and ofset refectors
must meet the following positional relationship:
L � 5.0m ± 2mm, W � 0.75m ± 1mm, an axis
height deviation of less than 1mm, a pitch angle
deviation of less than 0.05°, and an azimuth angle
deviation of less than 0.05°. Te ofset refector and
the feed horn must meet the following positional
relationship: F � 2.36m ± 0.5mm, an axis height
deviation of less than 0.5mm, a pitch angle de-
viation of less than 0.03°, and an azimuth angle
deviation of less than 0.03°.

(ii) Prior to EIRP testing, it is essential to calibrate the
parameter S21 of the test system under LPM con-
ditions. S21 remains stable as long as both the HPM
antenna and the test environment remain un-
changed. Consequently, the calibration of S21 needs
to be performed only once.

(iii) Following the positional calibration, we connected
the test components and used the vector network
analyzer to calibrate the parameter S21 of the test
system. Te measured value of S21 was −9.5 dB,
exhibiting a deviation of −1 dB from the simulated
result. Tis disparity was mainly attributed to the
transmission loss within the test system.

(iv) During the operation of the HPM system, the HPM
was radiated through the HPM antenna. Te ofset
refector intercepted the HPM, refecting and con-
centrating it onto the feed horn. Te received power
of the feed horn was represented by P2.

(v) Te EIRP of the HPM system can be given by

EIRP � P2 + S21


 + G0(dBW), (9)

in which G0 was the measured gain of the HPM
antenna at LPM conditions.

In our validation test, P2 was 80.1 dBW, G0 was 50.2 dBi,
and S21 was −9.5 dB. Te EIPR of the HPM system was
calculated as 139.8 dBW, using (9).

Te primary source of the test error originated from the
P2 and S21 errors. Te errors caused by the test environment
were eliminated in the calibration process. In accordance
with the general error analysis of the power test method, this
method exhibits an error margin of approximately 0.5 dB.
Te EIRP obtained by this method represents the actual
value of the HPM system during HPM radiation, accounting
for the ohmic loss occurring during transmission and ra-
diation of HPM, alongside the nonlinearity loss caused by
the refector breakdown. Tis result represents the most
realistic and accurate assessment of HPM systems.

Te output power of the HPM source used in the ex-
periment is 89.9 dBW. By the defnition of EIRP, the EIRP of
the HPM system is calculated as 140.1 dBW. Te EIRP
measured by the proposed method in this paper is
139.8 dBW, showing a decrease of 0.3 dB, which falls within
the allowable error range of the test. Another potential
explanation for the observed decrease in EIRP could be
attributed to microdischarges occurring in certain areas of
the transmission path when the HPM antenna radiates. Tis
phenomenon may lead to a slight increase in transmission
loss, contributing to the reduction in EIRP.

By comparing the online waveforms of the HPM
system with the waveforms received by the feed horn, it
becomes possible to analyze the power-handling capa-
bility of the HPM antenna. If these two waveform types
are the same, it indicates that the power-handling capa-
bility of the HPM antenna meets the stipulated criteria.
Te single-pulse waveforms of the HPM system and the
OFRA are shown in Figure 9(a). In addition, Figure 9(b)
displays the test waveform for a sequence of 10 Hz/1000

HPM antenna
Ofset-refector

Feed horn

HPM source

Transmission channel

Measurement 
components

Support and adjustment platforms

Figure 6: Test system confguration (side view).

Figure 7: OFRA.

Figure 8: Measurement components.
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pulses. Te two waveforms are completely consistent,
indicating the absence of any breakdown within the HPM
system.

5. Conclusions

Tis paper proposes a new EIRP testing approach tailored
for HPM systems. Tis method not only circumvents the
stringent constraints imposed by conventional testing
methods concerning distance and environmental conditions
but also mitigates test errors stemming from multipath
efects. By ofering high testing precision, robust environ-
mental adaptability, and enhanced concealment, this
method presents a fresh avenue for EIRP testing in HPM
systems. Given the diverse applications of HPM systems, the
presented testing method holds promise for further devel-
opment and widespread adoption.

Data Availability

Te data used to support the fndings of this study are in-
cluded within the article.
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