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ABSTRACT With the widespread deployment of high-frequency wireless communication systems such
as the fifth generation (5G) system, high-frequency electromagnetic (EM) disturbances have become
prevalent, requiring high-frequency compatibility testing of radiated emissions to prevent unintentional EM
disturbance. Generally, radiated emission testing is typically performed in a fully anechoic room (FAR).
However, the reproducibility of test results has become a problem owing to the increased insertion losses in
the measurement system and the complicated directivity of the radiation from the equipment under test as
the frequency increases. As an alternative to the FAR, a reverberation chamber (RC) has attracted attention
in recent years as it allows high-sensitivity measurement with compact equipment. To perform radiated
emission testing in the RC, it is important that the detection value given by the specified detectors is not
affected by the characteristics of the RC. However, the disturbance waveform received in the RC is generally
different from that in the FAR, resulting in a different detector response. In this study, the detectors and
resolution bandwidths (RBWs) for radiated emission testing were used to investigate the conditions under
which the detection values measured in the RC were equivalent to those measured in the FAR. For root mean
square detection, the dependence of the mean detection values measured in the RC on the pulse width and
RBW agreed well with those measured in the FAR. However, the relative changes in the mean detection
values of the peak and average detectors in the RC were different from those in the FAR unless the time
constant of the RC multiplied by RBW was sufficiently smaller.

INDEX TERMS Average detector, electromagnetic disturbance, fully anechoic room, peak detector, radiated
emission testing, reverberation chamber, root mean square detector.

I. INTRODUCTION

With the rapid spread of wireless communication sys-
tems and services such as the fifth-generation (5G) system,
the frequencies used for these data communications have
been increasing rapidly, reaching 28 GHz in Japan (see
Fig. 1) [1], [2], [3], [4], [5], [6], [7], [8], [9]. This prolif-
eration of frequencies has led to emerging electromagnetic
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compatibility (EMC) issues and the introduction of reg-
ulations and guidelines to address them [10], [11], [12].
Additionally, the electronic devices used for these systems
and services have higher clock frequencies and data rates,
which may create electromagnetic (EM) disturbances that
could potentially interfere with other wireless communi-
cation systems and services [9]. To protect wireless com-
munication systems from such unintended EM disturbance,
radiated emission testing must be compatible with high
frequencies.
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FIGURE 1. Evolution of frequency allocation for mobile communication
systems in Japan [1], [2], [3], [4], [5]. [6], [7]. [8], [9]-

The Comité International Spécial des Perturbations
Radioélectriques (CISPR) standard is an international stan-
dard that provides detailed specifications such as frequencies,
measurement methods, facilities, detectors, and limits to
protect wireless communication systems from EM distur-
bances [13], [14]. Generally, radiated emission testing is
performed in a fully anechoic room (FAR), which eliminates
the effects of external disturbances and wall reflections [9],
[15]. CISPR 32 is a standard for radiated emission testing
of multimedia equipment [14]. This standard gives specifica-
tions for radiated emission testing below 6 GHz in the FAR.
Future extension of radiated emission testing up to 40 GHz
is being considered to support 5G millimeter-wave devices
(see Fig. 1) [9]. However, the reproducibility of test results
has become a problem owing to increased insertion losses in
the measurement system and the complexity of the radiation
directivity of the equipment under test (EUT) with increasing
frequency [16]. In contrast, a reverberation chamber (RC) has
attracted attention in recent years as an alternative to the FAR,
because of its compactness and high sensitivity [17]. The
RC, as a cavity resonator that generates a spatially random
EM field to emulate a rich isotropic multipath environment
with Rayleigh fading in a shielded enclosure, is used in
many applications, such as radiated immunity and emission
testing [18], shielding effectiveness evaluation [19], antenna
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efficiency measurement [20], and EM field exposure assess-
ment [21]. In recent years, the RC has also been used for
the over-the-air (OTA) evaluation of wireless devices [22].
The EM field in the RC changes randomly owing to the
change in boundary conditions by, for example, the rotation
of the stirrer. Many of the RC applications mentioned above
are performed using the statistics of the EM field or the
statistics of the power received by the receiving antenna
placed in the RC [18], [19], [20], [21], [22], [23]. Unlike
other applications, radiated emission testing does not have
a predefined waveform of the EM waves radiated in the RC.
In general, the effect of the RC on the received power and
the disturbance waveform is unknown owing to the effects
of random multipaths in the RC. This can cause problems in
correlating the results of radiated emission testing in the FAR
with those of testing in the RC.

The first problem is the necessity of the assumption regard-
ing the radiation directivity of the EM disturbance from the
EUT. The radiated emission testing in the RC measures the
total power of the EM disturbance. On the other hand, cur-
rent standards are specified in terms of the electric field of
the disturbance in the direction of maximum radiation [8].
To convert from total power to an electric field, the directivity
of the EUT must be assumed. The other problem is that the
disturbance waveform received by a receiving antenna placed
in an RC differs from the waveform radiated from the EUT
because of the multipaths in the RC. This will cause problems
in correlating the test results in the RC with those in the FAR
because the difference in the received waveform will cause
the measuring receiver to read a different signal strength,
even if the detector and resolution bandwidth (RBW) in the
measurement are the same as those in the FAR test.

For radiated emission testing, several types of detector
are specified in the CISPR 16-1-1 standard, which pro-
vides detailed specifications of detector responses to protect
wireless systems from continuous or impulsive EM distur-
bances [13]. This is because the detector response is defined
to have a correlation with the effect of the disturbance wave-
form on the degradation of the reception quality of the inter-
fered wireless receiver. For the FAR radiated emission testing,
the limits for peak and average detectors with a bandwidth
of 1 MHz (impulse bandwidth) are specified for a measuring
receiver above 1 GHz. The purpose of using these detectors
is to avoid underestimating both the broadband impulsive
and narrowband continuous disturbances. The same detectors
as above are also specified for radiated emission testing in
the RC [24]. The detector response characteristics specified
in the basic standard [13] are divided into two categories:
sine wave response and pulse response. The effect of the RC
on the detector’s response to sine waves can, in principle,
be eliminated by performing the calibration by inputting a
continuous wave (CW) into the RC and by measuring the
RC’s output with the specified detector. However, because
the disturbance waveforms received in the FAR and RC are
generally different for a wideband disturbance waveform,
the peak or average detection value of the disturbance also
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differs between the FAR and RC [25] even if the received
disturbance power is the same as mentioned above, which
causes problems in applying the disturbance limits of peak
and average detection values in the RC. This difference in
detection values depends on the disturbance waveform from
the EUT, the characteristics of the RC, the specifications of
the detector, and the RBW of the measuring receiver.

In radiated emission testing, the disturbance waveform
under test is unknown, and the receiver’s RBW must be set in
accordance with the applicable standard. To perform radiated
emission testing in the RC as an alternative to radiated emis-
sion testing in the FAR, it is important to find the conditions
under which the detection value relative to the radiated distur-
bance power is unaffected by the deformation (or distortion)
of the disturbance waveform caused by the multipath effects
in the RC. In addition, the detection response characteristics
with the RC for pulse responses must satisfy the basic stan-
dard [13]. To the authors’ best knowledge, no previous studies
have addressed this problem. In this work, we examine this
problem and investigate it experimentally. To investigate the
effect of the RC on the detection results, a repetitive pulse
train was used to simulate an impulsive disturbance wave-
form. In Section II, we describe radiated emission testing
using the FAR and the RC and the basic configuration of the
detector. In Section III, we discuss the challenges of radiated
emission testing when using the RC. In Section IV, we eval-
uate the detection values of the pulse signal using peak,
average, and root mean square (RMS) detectors. In Section V,
we describe the effect of absorber loading to reduce the time
constant of the RC (trc) on each detection result.

1. RADIATED EMISSION TESTING ABOVE 1 GHZ

To protect radio services, electronic devices must undergo
EMC testing, such as radiated emission testing, and com-
ply with national and regional standards. In this section,
we describe radiated emission testing above 1 GHz using the
FAR and RC. In addition, the basic configuration of a receiver
for measuring EM disturbance is also described.

A. REQUIREMENTS FOR RADIATED EMISSION

TESTING ABOVE 1 GHZ

CISPR 32 is a standard for radiated emission testing of
multimedia equipment [14]. The requirements for radiated
emission testing at frequencies above 1 GHz in a residential
environment are shown in Table 1. The radiated emission
testing is conducted in the FAR or RC with the average or
peak detector. In general, when the FAR is used, the electric
field of the EM disturbance is measured, whereas when the
RC is used, the total radiated power of the EM disturbance is
measured. The limits are specified in terms of the maximum
electric field at a specified distance from the EUT, because
they are based on an FAR-based model that considers the
worst-case probability of occurrence of the maximum direc-
tivity of the disturbance from the source pointing at the victim
receiver. Therefore, to test the EM disturbance from the EUT
in the RC, it is necessary to convert the total radiated power
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TABLE 1. Requirements for radiated emission testing above 1GHz in
residential environment [14].

T e e

Frequency 1 GHz ~ 6 GHz
Distance 3m -
Average
Detector
Peak
Bandwidth 1 MHz
(Average) 54 dBpV/m
Limit
(Peak) 74 dBpV/m

to the maximum disturbance field strength at a specified
distance (see Table 1).

B. RADIATED EMISSION TESTING IN FAR

Fig. 2 shows a schematic of radiated emission test-
ing above 1 GHz in an FAR. Radiated emission testing
above 1 GHz is performed in the FAR with absorbers on the
floor [14]. The EUT is placed on a nonconductive table, and
the EM disturbance from the EUT is measured by a receiving
antenna at a horizontal distance of R = 3 m from the EUT.
First, the peak radiated directivity of the EUT is determined,
and then the EM disturbance is measured by peak detection
and average detection and compared with the limit values.
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FIGURE 2. Schematic of radiated emission testing in FAR.

C. RADIATED EMISSION TESTING IN RC

Radiated emission testing in an RC is a type of substitution
method, which is a method of obtaining the amount of power
radiated from the EUT by substitution from the test result of
a certain reference quantity [14]. Fig. 3 shows a schematic of
radiated emission testing in the RC. The total radiated power
from the EUT can be determined from either the average or
the maximum received power at the receiving antenna [18],
[26]. Before performing radiated emission testing, the RC
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must be calibrated. In the RC calibration, the transmitting
antenna is placed in the test area and a CW signal is used
as the transmit signal. Then, the calibration factors CVF and
CLF are defined as follows:

P
CVF = < AveRec > ’ (1)
input
cLF = &VF )
~ AVF’
P
IL = < MaxRec > ’ (3)
input

where CVF is the chamber validation factor and is the ensem-
ble average between the transmitting and receiving antennas
when the EUT is powered off, PayeRrec 1S the average received
power, Pjpye is the average input power into the RC, and
() represents the ensemble average. In addition, CLF is the
chamber loading factor and is a combination of the measured
results of the EUT calibration and the empty RC calibration,
and AVF is the ratio of the average received power to the
input power for the empty chamber. Furthermore, IL is the
insertion loss obtained from the empty chamber calibration,
and PpaxRec 18 the maximum received power. Finally, the total
radiated power from the EUT, as shown in Fig. 3, is defined
below as the average or maximum received power at the
receiving antenna:

UTXP AveRec
Py = ——oveRee 4
rad CVF @
UTXP MaxRec
= X ramee 5
rd = "CLF x IL ©)

where 17y is the efficiency of the transmitting antenna. When
testing radiated emissions in the RC above 1 GHz, mea-
surements are performed by peak or average detection for
each position of the stirrer. The mean square of the detection
values, (P), for a certain detection mode is obtained by
sampling and averaging the squared detection value from
each angular position.
(i)

1
(PZI>=NZ Z

i=1

38

(P)in W 6)

Here, Vi ; is the amplitude of the received signal, s is the
input signal (pulse or CW), d represents the detector type,
N is the number of stirrer steps, and Zy is the receiver
impedance. If the input signal is the CW, V‘E}N will be the
same for different detectors. However, for signals other than
the CW, V; i varies depending on the detector, as shown in the
following section, and it should be noted that this difference
is also dependent on the waveform input into the receiver.
In addition, the mean detection value in terms of amplitude,
(V3), is defined for the calculation of the maximum field
strength E = that is to be compared with the disturbance
limits in the FAR [24]:

Dinax10
Eima = oz Vah VD =y, @
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FIGURE 3. Schematic of radiated emission testing in RC.

where Dpax 18 the assumed value of the maximum directivity
of the EUT, 1y is the free space wave impedance, and R is
the measurement distance at which the FAR limit value is
defined.

D. BASIC CONFIGURATION OF RECEIVER

Fig. 4 shows the basic configuration of a measuring
receiver [27]. This configuration is similar to that of a spec-
trum analyzer, but its frequency selectivity and detection
characteristics (CW response and pulse response) are more
strictly defined than those of the spectrum analyzer [28].
The specifications of each detector are detailed in CISPR
16-1-1 [13]. As shown in Fig. 4, the envelope of the input
tone burst is band-limited by a bandpass filter, followed
by envelope detection. In peak detection, the peak enve-
lope amplitude of the band-limited harmonic erpw (%, fo) is
displayed as a function of the center frequency f. of the
bandpass filter. For average detection, the envelope amplitude
is displayed as being equal to the average value of the filtered
disturbance erpw (¢, f.). For RMS detection, the envelope
amplitude is displayed as being equal to the RMS value of the
filtered harmonic erpw (¢, f;). Currently, radiated emission
testing above 1 GHz has specifications for the peak and the
average detectors, but no specifications for the RMS detector.
In the case of RMS detection, the right-hand side of (6)
corresponds to the power of the EM disturbance, so (P}) in
(6) represents the total radiated power of the EM disturbance.
However, as explained in the next section, when using detec-
tors other than RMS (such as peak and average detectors),
it is important to note that (P}) calculated using (6) will yield
a different value from the total radiated power of the EM
disturbance unless the EM disturbance is a CW.

IlIl. CHALLENGE IN RADIATED EMISSION

TESTING WITH RC

There are two challenges in radiated emission testing using
the RC. One is the necessity of the assumption regarding the
radiation directivity of the EM disturbance from the EUT. The
other is the effects of the detector and RBW used for radiated
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FIGURE 4. Schematic of basic configuration of a receiver for measuring
EM disturbance [27].

emission testing on the test results that are compared with the
applicable limits.

A. RADIATION DIRECTIVITY OF EUT

The disturbance limits of standards such as CISPR 32 [14]
are defined in terms of field strength at a specified distance.
For radiated emission testing in the FAR, the peak of the
EM disturbance is determined by scanning the azimuth angle,
antenna height, and frequency of the EUT in order to find
the maximum radiation of the disturbance. The electric field
strength of the disturbance is then measured. On the other
hand, the radiated emission testing in the RC is used to
evaluate the total radiated power in all directions from the
EUT. Therefore, to correlate the test results in the RC with
those in the FAR, the waveform of the EM disturbance from
the EUT at a certain frequency band needs to be independent
of the direction. As the frequency increases, it is difficult to
determine the direction of maximum disturbance because of
the complexity of the directivity pattern of the disturbance
radiated from the EUT [16]. Moreover, it is difficult to corre-
late the test results in the RC with those in the FAR using (7)
when two or more EM disturbances with different waveforms
are radiated in different directions, as shown in Fig. 5.

B. EFFECT OF RECEIVER DETECTOR AND RBW ON
DETECTION VALUE

The FAR is a multipath-free test environment, whereas the
RC is a multipath-rich test environment. The EM disturbance
from the same EUT is subject to waveform deformation
(distortion) due to the presence of multipaths in the RC.
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FIGURE 5. Testing of radiated emissions when multiple EM disturbances
are present in EUT, for example, impulsive noise from radiating element
#1 (cable), continuous noise from radiating element #2 (ventilation slit),
and burst noise from radiating element #3 (monitor display), etc.

Owing to this waveform deformation (distortion) in the RC,
the detection value of the receiver for the measurement is
different from the detection value in the case of no multipath
(FAR). This problem may occur when correlating the results
of radiated emission testing in the FAR with those in the
RC. Fig. 6 shows a schematic of the detector response in
EM disturbance measurements using the RC. As an exam-
ple, pulse signals with pulse widths of 0.1 and 10 us were
input into the RC, and a comparison was made regarding the
changes in the pulse waveform (see |e; (¢, 6;) I*in Fig. 6) after
passing through the RC with various stirrer angles, as shown
in Figs. 7(a) and 7(b). Furthermore, a comparison was made
regarding the changes in the average envelope waveform of
360 samples for pulse widths of 0.1, 0.5, 1, 5, and 10 us.
Fig. 7(c) shows the results of averaging the time-varying
instantaneous power of the output waveform from the RC
before passing through the RBW filter, over the stirrer angle.
The red line in Fig. 7 represents the envelope of the input
pulse waveform, while the lines of different colors represent
the envelope waveforms after passing through the RC.

Fig. 7(a) shows the envelope waveforms after passing
through the RC at each reference stirrer angle when the input
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FIGURE 6. Schematic of detector response in EM disturbance
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pulse width is 0.1 us. The envelope waveform of the received
pulse at each stirrer position in the RC is found to be signifi-
cantly different from that of the input pulse. Fig. 7(b) shows
the envelope waveforms after passing through the RC at each
reference stirrer angle with a pulse width of 10 ps. When the
pulse width is 10 us, the envelope of the received pulse at
each stirrer position in the RC exhibits a gradual decline of
the received power, in contrast to the steep fall of the input
pulse. Fig. 7(c) shows the average envelope waveforms of
360 samples as the pulse width is varied. For longer pulse
widths (10 us), the received pulse waveform decays after
a steady state in which the rising amplitude of the pulse
becomes a constant value. For shorter pulse widths (0.1 us),
the waveform decays before the pulse rises sufficiently. The
effect of the pulse waveform deformation (distortion) of the
averaged envelope also depends on trc. The smaller the time
constant, the closer the averaged pulse waveform is to the
input waveform. As shown by Fig. 7(b), when the radiated
pulse width is longer than 7rc, a nearly constant amplitude
interval appears in the envelope waveform received within the
RC. This is because the RC response reaches a quasi-steady
state between pulse widths, and thus, the amplitude within
this interval is approximately equal to the received amplitude
within the RC when a CW signal with the same amplitude as
the input pulse is applied. In other words, it can be corrected
by calibrating the RC using CW input. Similarly, when the
receiver’s RBW is sufficiently narrower than 1/trc, it is
equivalent to using a pulse with a duration of approximately
I/RBW and can be calibrated in a similar manner. On the
other hand, as shown in Fig. 7(a), when the pulse width is
shorter than trc, the received envelope waveform exhibits a
random shape. When using a detection mode of the measuring
receiver other than RMS, it is not possible to correct the total
radiated power expressed in (6) using the calibration results
of the RC with the CW.

Fig. 8 shows the relationship between trc and the RBW.
Fig. 8(a) schematically shows an example when the inverse
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of the receiver’s RBW is greater than trc. When the inverse
of the RBW is greater than trc, all the delayed waves of the
signal can be captured during the time of 1/RBW. In this case,
the amplitude change due to the overlap of the delayed wave
is nearly equal to that of the CW input and can therefore
be eliminated by calibrating the RC with CW. This is also
pointed out in [18]. When measuring pulse waves in the RC,
tre should not be greater than 2.5 of the pulse width of the
test waveform. Fig. 8(b) illustrates the situation that 1/RBW
of the receiver (i.e., the time constant of the receiver filter)
is smaller than trc. The arrival time of the delayed wave in
the RC depends on trc; if the inverse of the RBW is smaller
than trc, it is not possible to capture all of the delayed waves
during the time of 1/RBW. Therefore, the envelope amplitude
of the received pulses after the band limitation by RBW
generally has a random fluctuation, and resultant detection
values differ from those of CW depending on the disturbance
waveform, the characteristics of the RC, and the detector and
RBW of the measuring receiver. In the following sections,
we focus on this problem and examine and investigate it
experimentally.

IV. MEASUREMENT OF DETECTION VALUE OF PULSE
SIGNAL USING VARIOUS DETECTORS IN RC

A. MEASUREMENT SETUP

In this section, the measurement system for evaluating the
effect of RC characteristics on the readings of a receiver
equipped with a detector and RBW specified in the rel-
evant standard is described. Fig. 9 shows the system for
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FIGURE 9. Pulse signal measurement in RC.

measuring the detection value of a pulse signal in the RC.
The dimensions of the RC are 4 m x 4.5 m x 3 m. This RC
is equipped with four stirrers. The reference stirrer rotates at
360 steps per rotation with an angular step of 1°. The other
stirrers have different angular steps and rotate at integer mul-
tiples of the reference stirrer. A double-ridged horn antenna
was used as the transmitting (TX) antenna to simulate the
emission from the EUT, and a standard-gain horn antenna
was used as the receiving (RX) antenna. The antennas are
placed at a height of 1 m above the floor. Both antennas are
pointed at different corners to suppress the direct radiation
wave to the RX antenna. The antennas are also placed at least
1 m away from the wall to minimize the effect of boundary
conditions on the measurement field. The transmitted signal
with a pulse train having a carrier frequency of 3.65 GHz is
generated by a pulse generator. This frequency is the center
frequency of a specific 5G band used in Japan. The study
was conducted in the sub-6 band; the methodology in this
study is also valid for higher frequencies (e.g., frequency
range 2 (FR2) for 5G). The pulse period is set to 100 us,
which is slightly longer than the noise period of the typical
switching frequency of the power supply. The pulse width is
setto 10, 5, 1, 0.5, and 0.1 us. The Tx antenna is pointed at
the stirrer. The received pulse signal is sent through the RX
antenna to a measuring receiver to obtain detection values as a
sample is stirred at each angular position. The measurements
were performed with peak, average, and RMS detectors (non-
CISPR-specified detectors). In this study, measurements were
performed in the unloaded state (see Fig. 9) to investigate
the effect of Trc on the mean detection value of the pulses
measured by each detector and RBW. Comparative measure-
ments were also performed with trc shortened by loading
absorbers (1, 2, 4, and 8 absorbers) in the RC. These eval-
uation results are compared with the results of the simulated
FAR test. To eliminate the effect of the measurement environ-
ment within FAR on the waveform of the input pulse signal
(i.e., residual multipath component in FAR), the measure-
ments were conducted in this simulated FAR test environment
in which the pulse generator was directly connected to the
receiver, replicating the conditions of the FAR test.
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B. EFFECT OF RC ON DETECTION VALUE OF EMISSION
MEASUREMENTS IN SUB-6 BAND

Radiated disturbance measurement above 1 GHz is conducted
in an FAR that emulates a multipath-free propagation envi-
ronment, as specified by CISPR basic standards. The FAR
provides a multipath-free test environment, while the RC
represents a multipath-rich test environment. Therefore, the
disturbance detection values obtained through measurements
may differ between the FAR and RC. Since the pulse width
is generally unknown in radiated disturbance measurements,
calibration using CWs or pulses with known time widths can-
not eliminate the aforementioned differences. Furthermore,
the radiated disturbance measurements specify the RBW
and detector characteristics on the basis of the frequency
band. Therefore, to discuss the correlation between the FAR
and RC, it is necessary to find conditions where trc does
not affect the measurement RBW or detector characteristics.
As discussed in this section, a comparative study was con-
ducted between a simulated FAR test environment, which
represents a multipath-free environment, and the RC, which
represents a multipath-rich environment, to investigate the
differences in the detected values obtained in the two. Fig. 10
shows the difference in the mean detection values of pulse
signals between the RC and the simulated FAR calculated
by (7) using the peak detector, the average detector (CISPR-
specified detectors [13]), and the RMS detector (non-CISPR-
specified detectors). The mean detection value ((V})) is the
result of inputting the disturbance waveforms at each stirrer
angle, as shown in Figs. 7(a) and 7(b), into the measuring
receiver, detecting the response using the specified detector
with bandwidth restriction by RBW, and averaging the results
with respect to the stirrer angles. The RBW of the receiver
is set to 10, 5, 1, 0.5, and 0.1 MHz, and the mean detection
value ((V;“lse)) of the pulse signal by the RC is normalized
by the mean detection value ((Vdcw)) of a CW with an input
amplitude equal to the peak amplitude of the pulse signal in
the FAR. As shown in Fig. 6, the normalized mean detection
value (AEy) is defined as

Pulse

AE; = 20log;, ((‘IW) AE, in dB. (®)
Vi™)

When (V; ulsey and (Vdcw) are equal, this normalized mean
detection value (AE?) will be zero, and equivalent results
are obtained for both RC and FAR tests. In addition, peak
value desensitization occurs in the FAR as the product of
RBW and pulse width decreases. The RBW of the receiver
above 1 GHz is specified as the impulse bandwidth (Bimp),
and the peak detection value of the filter output when a
narrow pulse is input is proportional to the product of Bjpp
and the input pulse width. The same trend is also observed
for the RC. The difference with the simulated FAR increases
particularly when the RBW is wide and the pulses are short.
This is because the coherent bandwidth of the RC has become
narrower than the RBW (in other words, the delay spread or
time constant has become larger than 1/RBW), and in effect,
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FIGURE 10. Difference between mean detection values of repetitive
pulses in RC and simulated FAR (pulse period = 100 ps).

the impulse bandwidth of the measurement system using the
RC has become narrower than the RBW of the receiver.

Fig. 10(a) shows the results (AEpeak) of peak detection.
The difference between the test results obtained in the RC and
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the simulated FAR became larger as the pulse width became
smaller, as described above. The peak amplitude of the signal
waveform received in the RC at a certain stirrer angle is a
random variable, and the normalized mean detection value
calculated by (7) for all stirrer angles depends on trc, which
indicates the charging time until the signal amplitude reaches
a steady state due to multiple reflections in the RC [29]. When
the pulse width is longer than 5 us, the normalized mean
detection value in the RC is almost the same as that in the
simulated FAR.

Otherwise, the mean detection value in the RC is smaller
than that in the simulated FAR. This is because the received
pulse signal waveform in the RC decays (in the statistical
sense) before reaching a steady state, as shown in Fig. 7(c).
We also observed that the mean detection value of the peak
detector is slightly larger than the simulated FAR results for
pulse widths of 5 and 10 us, because the frequency response
is not flat within the RBW of the receiver in the RC. As the
RBW increases, the multiple-reflection effect becomes more
significant. When the RBW is multiplied by the pulse width,
desensitization occurs as the RBW becomes smaller [30].

Fig. 10(b) shows the results (AEayerage) Of the average
detection. As the pulse width became smaller, the difference
between the test results in the RC and those in the simulated
FAR became larger. This is due to the different pulse wave-
form changes in the RC. As shown in Figs. 7(a) and 7(b),
the input waveform to the RC and the received waveform are
completely different. In particular, the pulse waveform was
observed to fall gradually rather than steeply. This depends on
trc and can be improved by installing absorbers. In addition,
the effect of the mean detection value is especially conspic-
uous when the RBW of the receiver increases. Furthermore,
the mean detection value with the pulse width of 10 us is
about —20 dB, which is approximately equal to the ratio of
the pulse width to the period.

Fig. 10(c) shows the results (AErms) of RMS detection.
We confirmed that the relative changes in the mean detection
values in the RC and the simulated FAR with respect to the
changes in the pulse width and RBW are in good agreement.
In RMS detection, the effect of pulse desensitization in the
RC and simulated FAR on the mean detection value is found
to be almost the same. Furthermore, when the RBW multi-
plied by the pulse width of the input signal is greater than 2.5,
the mean detection value for both the RC and the simulated
FAR decreases in proportion to the pulse width. Besides, the
mean detection value with a pulse width of 10 us is about
—10 dB, which is approximately equal to the square of the
ratio of the pulse width to the period.

C. EFFECT OF RC ON DETECTION VALUE OF EMISSION
MEASUREMENTS IN FR2 BAND

As discussed in this section, the effect of RC characteristics
on the readings of a receiver equipped with a detector and
RBW is investigated in the FR2 band where the measurement
system and propagation losses are much greater than those in
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FIGURE 11. Pulse signal measurement in small RC.

the Sub-6 band. To maintain signal quality, a small RC was
used in the study. Fig. 11 shows the system for measuring
the detection value of a pulse signal in the small RC. The
dimensions of the RC are 1.2 m x 0.8 m x 1 m. This RC
is equipped with two stirrers. The reference stirrer rotates
at 360 steps per rotation with an angular step of 1°. The
other stirrer has different angular steps and rotates at integer
multiples of the reference stirrer. Ridged horn antennas were
used as the TX and RX antennas. Both antennas are pointed
at different corners to suppress the direct radiation wave to
the RX antenna. The transmitted signal with a pulse train
having a carrier frequency of 27.5 GHz is generated by a pulse
generator. The pulse period and pulse width were set to the
same parameters as described in Section IV-A.

Fig. 12 shows the difference in the mean detection values
of pulse signals between the small RC and the simulated
FAR calculated with (8) using the peak detector, the average
detector, and the RMS detector. Fig. 12(a) shows the results
(AEpeax) of peak detection. Unlike the case of Sub-6 band
measurement using the large RC, we confirmed that the
relative changes in the mean detection values in the small RC
and the simulated FAR with respect to the changes in the pulse
width and RBW are in good agreement, except for the pulse
width of 0.1 us. The reason is that the chamber time constant
(trc = 206.0 ns) of the small RC is smaller than the chamber
time constant (trc = 2132.7 ns) of the large RC. When
trc multiplied by the RBW is less than 0.35, the difference
between the mean detection values of the peak detector in
the FAR and RC becomes less than 1 dB. Fig. 12(b) shows
the results (AEaverage) Of the average detection. As the pulse
width became smaller, the difference between the test results
in the RC and the simulated FAR became larger. This is due
to the different pulse waveform changes in the RC, as in the
case of the large RC. Fig. 12(c) shows the results (AErms) of
RMS detection. As in the case of the large RC, we confirmed
that the relative changes in the mean detection values in the
RC and with the simulated FAR with respect to the changes
in the pulse width and RBW are in good agreement.
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FIGURE 12. Difference between mean detection values of repetitive
pulses in small RC and simulated FAR (pulse period = 100 pus).

V. IMPROVEMENT OF MEAN DETECTION VALUE

WITH ABSORBERS

The difference between the mean detection values of impul-
sive disturbance measured in the RC and the simulated FAR
is caused by the increase in the delay spread (in other words,
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TABLE 2. Chamber time constants (zg¢) in RC with various numbers of
absorbers (Size: 60 x 60 x 30cm?).

Chamber time constant [ns] 2132.7 596.1 347.1 193.3
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FIGURE 13. Effect of absorber on mean detection value (Pulse
bandwidth = 0.1 ps).

the reduction in the coherent bandwidth) of the received
disturbance owing to the multiple reflections within the RC.
This effect can be reduced by installing absorbers in the RC to
reduce trc to the extent that the coherent bandwidth becomes
sufficiently wider than the RBW specified for radiated emis-
sion testing. On the other hand, the loss of the RC will be
significantly increased, thus reducing the sensitivity of the
measurement.

Numerous studies have focused on the characterization of
RC, specifically on the reduction of trc through the addi-
tion of absorbers [31]. However, there is little discussion
regarding the effect of absorbers on radiated emission testing,
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particularly in relation to detector response. In this section,
the reduction of trc upon introducing absorbers and the
associated improvement of the detection characteristics are
discussed. Table 2 shows the chamber time constants for
different numbers of absorbers. The data clearly show that
Tre decreases as the number of absorbers in the RC increases.

Then, the peak and average detection with the absorber in
the RC are investigated. Fig. 13 shows the results of the detec-
tion characteristics in the RC with and without absorbers.
Fig. 13(a) shows the results of peak detection when the pulse
bandwidth is 0.1 us. The normalized mean detection values in
the RC approach those with the simulated FAR as the number
of absorbers increases. When trc multiplied by the RBW
is much smaller than 0.35, the difference between the mean
detection values in the RC and the simulated FAR is less than
1 dB. Considering the decrease in the sensitivity of the mea-
surement owing to the presence of the absorber, the average
detection is examined for signals with a pulse bandwidth of
0.5 ps. Fig. 13(b) shows the effect of the absorber on the
mean detection values of the average detection. The mean
detection values in the RC with absorbers are slightly closer
to the simulated FAR results than those without absorbers.
However, when the number of absorbers is increased to 8, the
mean detection values are conversely worse.

VI. CONCLUSION

To enable radiated emission testing in the RC as an alter-
native method to radiated emission testing in the FAR, it is
important that the readings of the measuring receiver with a
detector specified in the relevant standards are unaffected by
the characteristics of the RC. In this study, we investigated
the conditions under which the detection values of impulsive
disturbances measured in the FAR are equivalent to those
in the RC, using the peak detector, the average detector
(CISPR-specified detectors), and the RMS detector (non-
CISPR-specified detectors) and the RBW of the receiver for
radiated emission testing in the FAR. For peak detection, the
result in the RC depends on trc and the RBW. The shorter
the pulse width, the greater the difference between the RC
result and the FAR result. When trc multiplied by the RBW
is less than 0.35, the difference between the mean detection
values of the peak detector in the FAR and RC becomes
less than 1 dB. For both average and peak detections, the
result in the RC depends on the time-constant characteristic
of the RC. Compared with the RMS detection, the mean
detection value of the average detection is more sensitive to
the signal waveform. The installation of absorbers brought
the RC results closer to the FAR results, but increasing the
number of absorbers may degrade the signal-to-noise ratio
(SNR) required for the measurement. The effect of waveform
deformation on the detection response can be reduced by
inserting absorbers into the RC to shorten the time constant,
but this is a trade-off with the measurement sensitivity (lower
SNR) in the RC. In the pulse measurement using RMS detec-
tion, the relative changes in the mean detection values in the
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RC agree well with those in the FAR for all pulse widths and
RBWs.
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