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Investigating the Potential of the Low-Cost SDR
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Abstract—In this article, a compliant radiated emission setup
based on a low-cost software-defined radio (SDR) and a transverse
electromagnetic cell is presented. The SDR B200mini from Ettus
Research is investigated, which incorporates the popular Analog
Devices AD9364 transceiver chip. The most demanding require-
ments for receivers are specified in CISPR band C/D. Therefore,
the focus is put on the respective frequency range 30 MHz–1 GHz.
For performance verification, test signals specified in the dedicated
norm CISPR 16-1-1 are utilized. The results show that the B200mini
is capable to measure broadband impulses using the peak detector
at an analysis bandwidth of 20 MHz. However, downconversion
spurs hinder accurate measurements at low tuning frequencies.
To overcome this, a highly linear upconversion stage is presented,
offering sufficient dynamic range for quasi-peak detector measure-
ments, which are the benchmark for professional receivers. Owing
to the bandpass-filtered output of the stage, the SDR must fulfill
less stringent linearity requirements, and downconversion spurs
become a minor issue. Combining the SDR with the upconversion
stage allows one to use full-scale resolution of the implemented
analog-to-digital converters (ADCs) without driving the SDR’s
analog front end into saturation. By decreasing the bandwidth
of the ADC’s antialiasing filters to 1 MHz, it becomes possi-
ble to fulfill quasi-peak detector requirements. Supplementary to
CISPR 16-1-1, the overall system performance is verified by char-
acterizing a test device. It is shown that the results are comparable
with accredited electromagnetic compatibility test houses, enabling
a reliable estimate of radiated emission spectra.

Index Terms—CISPR, electromagnetic compatibility (EMC),
electromagnetic interference (EMI), software-defined radio (SDR),
transverse electromagnetic (TEM).

I. INTRODUCTION

E LECTROMANGETIC compatibility (EMC) certification
is an inevitable obstacle, which must be passed to com-

mercially sell an electronic product. The constantly evolving
requirements, expensive rents for measurement halls, or the
unknown performance of a new development are only a few
critical examples making this topic challenging. Hence, pre-
compliance measurements have gained a lot of interest by the
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industry to achieve a competitive time schedule for bringing
new or updated products to market. Depending on the test site,
e.g., a semianechoic chamber (SAC), it takes a lot of space,
several instruments, and trained specialists to obtain accurate
results in advance. Small companies, especially start-ups, often
do not have the resources to stem such high investments. Owing
to missing testing opportunities, the EMC certification process
can become a setback for entrepreneurs in holding completion
and financial goals.

In the past, a lot of research has been made toward low-cost
precompliance equipment for emission testing in laboratory
conditions. Compliant conducted tests (9 kHz–30 MHz) are
typically made with an inexpensive line impedance stabiliza-
tion network [1], [2], [3]. Regarding radiated measurements
(30 MHz–18 GHz), a large variety of methods exist. For instance,
the classic biconical dipole is often used up to 1 GHz. Even
though these antennas are low cost and come with calibration
data, the limited sensitivity and setup-related uncertainties im-
pede accurate measurements. Recently, reverberation chambers
of any kind have gained a lot of popularity. They offer a
large test volume relative to their overall size and make high
frequencies (>1 GHz) accessible. Unfortunately, a large cavity
is required to extend the lower usable frequency making them
uninteresting for low budget systems starting from 30 MHz [4].
Thus, transverse electromagnetic (TEM) cells have become the
workhorse between 30 MHz and 1 GHz as they perform well
at low frequencies, and they are compact in size. Do-it-yourself
cells for a budget below 500 have been investigated in [5] and [6].

The still expensive part is the electromagnetic interference
(EMI) receiver. According to the norm CISPR 16-1-1, broad-
band impulses have to be measured demanding high linearity
requirements [7]. Conventional EMI analyzers usually come
with a costly preselection filter bank to measure the specified
test signals with sufficient accuracy [8]. Nowadays, broadband
sampler architectures are widely used, pushing traditional re-
ceivers from the market as they perform frequency scans with
exceptional speed [9]. Nevertheless, it has been shown in [10]
and [11] that conducted emission tests can be tackled success-
fully using a standard oscilloscope. Radiated emission tests,
however, cover frequencies in the Gigahertz range exceeding
the bandwidth and dynamic range (DR) of such an instrument.
Promising alternatives to make higher frequencies accessible
are software-defined radios (SDRs), which are low-budget and
versatile configurable receivers, tunable arbitrarily up to a few
gigahertz [12]. In [13], the out-of-the-box performance of pop-
ular SDRs as an EMI receiver has been investigated in CISPR
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Fig. 1. (Top) Picture of the B200mini. (Bottom) Block diagram describing the
main functionalities of the SDR.

band C/D (30 MHz–1 GHz). The results indicate that SDRs have
the potential to be used for radiated emission testing. As purely
homodyne receivers suffered significantly from downconversion
spurs and a limited DR, a front-end extension was presented
in [14] to improve the performance. The novelty of this work
comprises the investigation of a low-cost SDR in conjunction
with a redesigned version of the proposed front-end extension
to make complaint measurements in CISPR band C/D possible.

In our work, the B200mini from Ettus Research (see Fig. 1) is
analyzed as it is based on the RFIC AD9364 from Analog De-
vices, which is used in many other SDRs, e.g., in the PlutoSDR
or bladeRF 2.0 micro. The RFIC provides full-duplex operation
and has a purely homodyne receiver and transmitter path. It is
possible to tune the gain and bandwidth parameters individually.
A field-programmable gate array (FPGA) exchanges the data
between the RFIC and the host over the USB 3 link and allows
one to perform operations on the sampled data, e.g., decimation,
interpolation, digital down, or upconversion. The entry-level
price for such an SDR starts from approximately 350€ .

The main target of this work is to elaborate on the limits
of the low-cost SDR B200mini as an EMI receiver and how
the performance can be improved with the introduced hardware
extension. The rest of this article is organized as follows. First,
the B200mini is analyzed alone, according to the most important
EMC norms related to TEM cells as test setup, in Section II. In

Fig. 2. Block diagram of an EMI receiver.

Section III, the second part, a redesigned version of the hardware
extension is presented and characterized. Next, the SDR and
the extension are analyzed in combination, and the achieved
improvements are discussed in Section IV. As a last step in
Section V, the overall system performance is verified under
realistic conditions by measuring the emission spectrum of an
equipment under test (EUT). Finally, Section VI concludes this
article.

II. REQUIREMENTS AND PERFORMANCE

The most important norm EMI receivers have to fulfill is
CISPR 16-1-1. Based on a black-box approach, the analyzer
is exposed to certain test signals to verify compliance. Radi-
ated emission measurements start at 30 MHz and go up to
18 GHz. The most demanding requirements for the EMI re-
ceiver’s analog front end are defined in CISPR band C/D, reach-
ing from 30 MHz to 1 GHz. Owing to a certain detector, called
quasi-peak detector (QPD), the front end has to provide superior
linearity representing the benchmark for such equipment.

In the addressed frequency range, TEM cells are a very
popular test site for precompliance purposes. Presently, they
are accepted as a compliant method, e.g., in CISPR 32, a ra-
diated emission norm applied for multimedia equipment [15].
In the following, the B200mini is analyzed in conjunction with
a TEM-cell-based setup in CISPR band C/D, configured as the
image-reject receiver.

A. CISPR Filter and Detectors

EMI receivers differ from classical swept spectrum analyzers
as they stay tuned at a certain frequency f0 until the signal
is detected properly (see Fig. 2). The input signal xRF(t) is
shifted in the frequency domain to the center frequency of the
intermediate frequency (IF) filter (h(t), CISPR filter), where
H{·} denotes the Hilbert transform

xIF(t) =
1

2
(xRF(t) + jH{xRF(t)})e−j2π(f0−fIF)t

=
1

2
xA(t)e

−j2πfLOt. (1)
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Fig. 3. Selection curve and spectral mask of the 120-kHz filter for CISPR band
C/D.

After the convolution with h(t), the signal’s envelope is pro-
cessed by the detectorD{·}, and the result is indicated according
to

If0 = D{|xIF(t) ∗ h(t)|} = D{|xD(t)|}. (2)

The utilized analysis filter has to comply with a spectral mask
given in Fig. 3. In digital IF receivers, it is common practice to
use a Gaussian transfer curve according to the function

h(t) = 2 4
√
πB6 exp (−2

√
π(B6t)

2)

◦−−−• H(f) = exp

(
−
√

π3

4

f2

B2
6

)
. (3)

In CISPR band C/D, the specified 6-dB bandwidth is B6 =
120 kHz. The noise and impulse bandwidths areBN = 90.3 kHz
and BI = 127.7 kHz, respectively. In this frequency range, the
peak detector (PD) and the QPD are used most frequently. Their
response to three different signal types has been analyzed in [16],
which are discussed hereinafter for radio frequency (RF)-link
budget calculations. As long as the signal envelope is constant,
the same power level is indicated by both the detectors. In case
of recurrent impulses, the PD holds the maximum of the signal
envelope, while the QPD weights the envelope depending on
the repetition rate. According to CISPR 16-1-1, the QPD may
indicate 43.5 dB less than the PD. To prevent preceding receiver
elements from saturation, the overload factor (OVF), covering
this additional DR, is defined and corresponds to a compression
of 1 dB from linear gain. For the PD, an OVF ≥ 0 dB is
required as no additional weighting is performed. As the OVF
for the PD is the smallest of all the EMI detectors, it has the
lowest requirements. Furthermore, it is shown that the QPD
amplifies thermal noise by GQPD

N = 5 dB. Regarding the PD,
it was demonstrated in [17] that the PD enhances the noise floor
by GPD

N = 10 dB compared to the RMS power level.
Throughout this article, it is often referred to the mentioned

parameters and functional blocks from Fig. 2 to declare DR
definitions. For the interested reader, further details on the
implementation of the indication instrument and the QPD are
given in [18].

B. Frequency Accuracy

While absolute and relative frequency tolerances are covered
in CISPR 16-1-1, no considerations on the phase noise are men-
tioned. Implicitly, the absolute frequency accuracy of the local
oscillator (LO) must be precise enough to achieve a maximum
tolerance of ±2%. In addition, an absolute level accuracy of
±2 dB has to be achieved by the receiver. The latter requirement
can be directly translated into the necessary frequency resolution
of the receiver’s LO. The selectivity of the CISPR filter, defined
by (3), allows a maximum frequency step size <70 kHz to keep
the error within the mentioned bound.

In the RFIC AD9364, fractional phase-locked loops (PLLs)
are used for frequency generation achieving a frequency reso-
lution of 2.4 Hz [19]. Furthermore, the digital down conversion
(DDC) allows one to improve the accuracy by shifting the
IF. In this article, the B200mini is interfaced with the UHD
framework, supplied by Ettus Research. The driver’s frequency
tuning routine was used achieving an overall resolution in the
millihertz range. Hence, the derived maximum frequency step
size is easily achieved.

The B200mini incorporates a 40-MHz TCXO as clock refer-
ence having a frequency error of εTCXO = ±2 ppm. As the SDR’s
frequency resolution is more than six magnitudes below the ad-
dressed frequency range of CISPR band C/D (εSDR < ±1 ppm),
the absolute frequency tolerance is kept below the required
εSDR + εTCXO ≤ ±2%.

C. Continuous Wave Signals

Compliant receivers have to fulfill one main requirement for
continuous wave (CW) signals. The suppression of unwanted
signal components falling into the IF through, e.g., leakage,
image frequencies, or intermodulation, has to be at least 40 dBc.1

To verify this, the receiver is tuned to a certain frequency f0
measuring a single tone xRF(t) = cos(2πf0t). Then, the tone is
set to different frequency spots of interest fRF �= f0 with equal
amplitude to measure the relative suppression

s = 20 log10
If0|fRF=f0

If0|fRF �=f0

≤ 40 dBc. (4)

To compensate frequency-dependent deviations of the setup, the
tone’s amplitude was calibrated using a power meter.

With the noise gain GN, the minimum required DR in front
of the detector can be calculated. For the PD and the QPD,
respectively, at least a DR of 50 and 45 dB is necessary. The
B200mini has a 12-bit continuous sampling delta-sigma analog-
to-digital converter (ADC) of third order implemented with a
configurable sampling rate. As recommended by Ettus Research,
the sampling rate was set to fs = 56 MSa/s. To achieve the
required suppression of aliases, the low pass in front of the ADC
was set to 22.5 MHz. The lower sideband of the sampled data
is investigated achieving a usable analysis bandwidth (ABW)
of 20 MHz centered around an IF of fIF = −12 MHz. With
the specified filter from (3), the achieved DR of a single tone

1The linear signal model from Section II-A describes the detection process
and does not take receiver imperfections into account.
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Fig. 4. Measured DR for CW signals over input power for different gain
settings.

over input power was measured for different gain settings at
f0 = 750 MHz. The results in Fig. 4 show that a sufficient DR is
available to verify compliance for CW signals. The power sweep
was aborted 10 dB above full-scale reading of the ADC, which
is indicated by the compression at the end of the traces. It is to be
noted that the gain settings are unitless and only approximately
translate into relative gain differences in decibel. The RFIC
AD9364 has three different gain stages, which are mapped to the
adjusted settings by an optimized lookup table, supplied by the
manufacturer. Gain settings above 50 have a strongly decreasing
DR as thermal noise exceeds the quantization noise level. The
traces for G = 40 and 50 overlap as only the last amplifier in
the receiver chain is adjusted, which has no effect on the overall
sensitivity. Owing to the higher gain, the full-scale level of the
ADC is reached for lower power values.

Assuming that the quantization noise to be uncorrelated and
spurious emissions are negligible, it is possible to estimate the
effective number of bits (ENOB) of the ADC by using the noise
bandwidth BN of the CISPR filter

ENOB =
DRCW − 1.76 dB − 10 log10

(
fs
BN

)
6.02 dB

. (5)

The gain settings between 10 and 20 show the largest DR and
give an ENOB of approximately 10 bit.

Owing to the homodyne-based receiver front end of the
RFIC AD9364, interference through image frequencies has to
be expected. The B200mini uses an internal calibration routine
to compensate I/Q imbalances. To perform a frequency scan over
CISPR band C/D with the achieved ABW, the LO must be tuned
between 52 and 1002 MHz. Over the complete LO tuning range,
the suppression of images If0|fRF=f0/If0|fRF=f0−2fIF

was verified
to be larger than 75 dB. In addition to this, the suppression of
RF–IF leakage If0|fRF=f0/If0|fRF=fIF

was measured and depicted
in Fig. 5. As the results are well above the required 40 dBc, this
part is considered to be fulfilled.

Downconversion spurs are a severe problem for homodyne
receivers. Frequency content located at LO harmonics interferes
in baseband with the fundamental conversion product. This

Fig. 5. RF-IF leakage and image frequency suppression over LO frequency.

Fig. 6. Suppression of interference according to nfLO ± fIF.

behavior further aggravates as LO harmonics are intentionally
produced to increase the DR of the mixer using a rectangu-
lar signal [20]. The suppression is measured by setting the
interfering tone to integer multiples of the LO according to
If0|fRF=nfLO±fIF

, where the positive sign of the IF stands for the
image frequency. The suppression is depicted in Fig. 6. It was
found out that especially odd-order modulation products cause
the most problems. Furthermore, maximum interference occurs
for tones located at multiples of the image frequency for n = 3
and 7. Obviously, the CISPR 16-1-1 norm is not achieved. This
problem can be mitigated by preselection filtering to suppress
frequency content at LO harmonics. The main downside of
this approach is that a large number of filters are required for
sufficient suppression even at low tuning frequencies.

The frequency response of the SDR’s antialiasing filter (AAF)
showed a negligible ripple justifying that the performance mea-
surements apply over the entire ABW. For frequencies approach-
ing half the sampling rate, a slightly degraded sensitivity has
to be expected due to noise shaping lobes of the implemented
delta-sigma ADC.
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Fig. 7. Peak detected noise floor over CISPR band C/D for different gain
settings.

D. Receiver Sensitivity

Radiated emission limits are usually not explicitly given for
TEM cells. As suggested in CISPR 32, the results have to be
correlated to an SAC with a measurement distance of 10 m.
Therefore, the total radiated power of the EUT is recalculated
using (6). A detailed description on the derivation of the formula

Emax = gmax
60k0
e0y

√∑3
i=1 V

2
i

Z0
(6)

can be found in [21]. As long as the EUT may be considered
small, the dipole moment is dominant. Measuring three orthog-
onal positions of the EUT in the TEM cell using one port allows
one to estimate the total radiated power Ptot =

∑3
i=1 V

2
i /Z0.

As the measured voltages Vi are scalar values, it is assumed that
the dipole moments are radiating in phase. To relate Ptot to field
strength values, the factor e0y is introduced. It can be calculated
analytically depending on the cross section of the TEM cell
and EUT positioning [22]. For the cell proposed in [6], with
a septum height of 300 mm, the field factor in the central is
e0y = 18

√
Ω/m. To find the maximum emitted field strength in

the SAC, a height scan of the receiver antenna at different polar-
izations is performed. This procedure is considered with gmax.
It is assumed that Ptot is radiated by a dipole over an infinitely
extended ground plane. This scenario is solved analytically with
a mirrored dipole. The theoretically maximum received power
level for vertical and horizontal polarizations over an antenna
height scan between 1 and 4 m yields Emax. Further details on
the derivation are given in Appendix A.

According to CISPR 32, the radiated emission limit for
class B devices in an SAC with 10-m distance is 30 dB μ
V/m between 30 and 230 MHz and 37 dB μ V/m between
230 and 1000 MHz. Rearranging (6) allows one to calculate
VN =

√
(V 2

1 + V 2
2 + V 2

3 )/3, which is the maximum allowed
thermal noise voltage not exceeding the defined emission limit.
The derived sensitivity limit is compared to the PD noise floor of
the B200mini for different gain settings in Fig. 7. The signal was
analyzed using the short-time Fourier transform with the filter

Fig. 8. VSWR of the B200mini measured at input RX2.

from (3) as windowing function. For the measurement, the SDR
was tuned through CISPR band C/D making recordings with a
length of 1 s. In the frequency domain, a bin resolution of 1 kHz
and a bandwidth of 10 MHz were chosen. The overlap of the
time sequences was configured to 90%, which is sufficient for a
compliant measurement [23].

The lower limit of the EMI receiver indication range is defined
by a maximum signal level error of 1 dB. In case of thermal noise,
this requires a minimum signal-to-noise ratio (SNR) of 6 dB. If
spurious emissions coincide with the signal of interest, an SNR
of up to 19 dB may become necessary depending on the signals
phases. The results in Fig. 7 indicate that with gain settings
between 20 and 30, the sensitivity is high enough to keep the
noise floor 6 dB below the calculated sensitivity requirement.
The frequency spurs below 100 MHz have their maximum at
−78 dBm for gain setting 20, failing the 19-dB rule. Hence, one
is best advised to keep the gain at setting 30 for a compliant
frequency scan.

E. Voltage Standing Wave Ratio

CISPR 16-1-1 requires a voltage standing wave ratio (VSWR)
below 2:1, if no attenuation is inserted at the receiver input. The
matching of the B200mini, depicted in Fig. 8, did not change for
the investigated gain settings 10–30. Out of the box, the matching
slightly fails between 400 and 800 MHz. Fortunately, the norm is
still fulfilled if the VSWR is smaller than 1.2:1 for an attenuation
larger than 10 dB. As this VSWR corresponds to a return loss of
approximately 20 dB, it is easily possible to fulfill the norm with
a forced match. For gain setting 30 (see Fig. 7), the degraded
sensitivity would be still sufficient to perform compliant tests
after inserting a 10-dB attenuator.

F. Impulses

EMI often appears in form of transient signals coming from,
e.g., switch-mode power supplies or electrical engines. To form
a worst case scenario of these sources, CISPR 16-1-1 specifies
a broadband test signal having a flat power spectral density
(PSD) up to 1 GHz, which has to be measured with a defined
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accuracy α. Neglecting deviations caused by the detector, it is
possible to calculate the required DR for impulses at the CISPR
filter’s output using

DR = OVF +GN + SNRmin. (7)

While the OVF and the noise amplification GN have already
been determined in Section II-A, the minimum SNR to achieve
α has not been introduced yet. In the norm, a total error of
αPD = ±1.5 dB regarding the PD is tolerated. Hence, SNRmin

has to be at least 4 dB in the presence of thermal noise, resulting
in a DR of 14 dB. In case of isolated transients, the QPD
indicates 43.5 dB less than the PD. The allowed αQPD = ±2 dB
at this operating point requires an SNRmin = 2.5 dB and, thus,
a DR of 51 dB. As with the derived requirement for the PD
it becomes very difficult to detect a receiver overload, an
additional margin is introduced targeting a DR of 25 dB.

In the following, the full-scale power level PFS = 4 dBm of
the B200mini is used to estimate the available DR of the ADC
for the broadband test signal. A detailed description of used
simplifications for signal definitions is given in Appendix B. The
bandwidthB of the AAFs in front of the ADC and the gainG are
two configurable parameters to achieve full-scale resolution. The
peak power at the output of a filter relates to P = 2(vτBI)

2/Z0,
where (vτ)2/Z0 is the PSD of the applied impulse, and BI is
the impulse bandwidth of the investigated filter. In the RFIC
AD9364, Butterworth filters of third order are implemented [24].
Their impulse bandwidth is linked to traditional 3-dB bandwidth
definition by a scalar factor of 1.35. Based on the maximum rated
power level of the SDR’s front endPmax = 0 dBm and the known
impulse bandwidth of the preselection filter BPRE

I , it is possible
to derive the required gain

G = PFS − Pmax + 20 log10
BPRE
I

BAAF
I

. (8)

The noise power is modeled with the linear superposition of the
thermal and the quantization noise according to

PN = 10 log10

[(
Δ2

12Z0fs
+ G · NF · kT0

2

)
BCISPR

N

]
. (9)

It has been shown in Section II-C that the ENOB is approx-
imately 10 bit, which allows us to calculate the LSB voltage
Δ =

√
8Z0PFS/2

ENOB used in (9). Now, it is possible to estimate
the ADC performance for pulsed signals using

DRIMP = PFS + 20 log10

(
BCISPR

I

2BAAF
I

)
− PN. (10)

It is assumed that the quantization noise dominates for low
gain settings. As the thermal noise power overtakes the quanti-
zation noise for high gain values, the available DR decreases. In
Fig. 9, the analytically derived DR for impulses is depicted for
two different preselection filters and a noise figure (NF) of the
analog SDR front end of 10 dB [25]. It is implied that the NF
stays constant for every gain setting and that saturation effects
are neglected. In advance of verification, it can be seen that the
QPD requirements cannot be achieved, unless the preselector
impulse bandwidth is reduced to 62 MHz. Furthermore, it is
necessary to reduce the AAF bandwidth as well to measure even

Fig. 9. Analytically derived DR of the B200mini’s ADC for different prese-
lector bandwidths.

Fig. 10. Broadband DR and compression from linear gain of the B200mini
over input power.

isolated transients with sufficient accuracy. From the calcula-
tions above, it still remains open if the SDR’s analog front end
can achieve the target DR for broadband impulses using the PD.
Therefore, the deviation from linear gain of the peak detected
power is measured at f0 = 500 MHz. At the input, a preselection
filter covering CISPR band C/D and having the assumed BI =
720MHz is applied.2 To reduce power level uncertainties caused
by thermal noise, several impulses have been recorded and
averaged. In Appendix C, it is explained how the measurement
has been performed. The corresponding results are depicted in
Fig. 10. It is to be noted that CISPR 16-1-1 requires to verify
the accuracy of the PD by comparing the detected peak power
with a calibrated CW signal, ideally indicating the same power
level. In the investigated power range, the CW tone is close to
the SDR’s noise power level. Owing to potential interference
buried in noise, deviations in the measured tone envelope have
to be expected. Furthermore, higher order conversion products
might cause an amplitude error of the detected peak power of the
impulses. To emphasize this problem, the deviation from linear
gain of the impulses (IMP-Lin) is compared to the absolute error

2Bandpass filter: Mini-Circuits, ZABP-510-S+, 20 MHz–1 GHz.
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Fig. 11. Block diagram of the implemented upconversion stage (left) and a picture of the realization with and without shielding (right).

taking the calibrated CW signal into account (CW-IMP). While
the IMP-Lin trace is monotonically increasing as expected, the
CW-IMP trace shows significant deviations and an offset up
to 0.7 dB. For gain setting 30, it can be seen that a maximum
DR of 25 dB is achieved at an error of CW-IMP smaller than
1.5 dB, equivalent to the defined target. The gain has not been
further increased, as the sensitivity is already sufficient for the
proposed TEM cell. To conclude, the B200mini offers enough
DR to perform PD measurements with a preselector covering
the entire frequency range of CISPR band C/D. If QPD mea-
surements want to be tackled, the preselector bandwidth has to
be drastically reduced.

III. FRONT-END EXTENSION

The front-end extension announced in Section I works as an
upconversion stage. The centerpiece of the development is a
highly linear mixer, which provides sufficient DR to perform
compliant QPD measurements in CISPR band C/D [14]. It
was shown that the NF is comparable to professional receivers
with a maximum of 14 dB. To overcome the problem with
downconversion spurs of homodyne receivers, the output of the
front end is bandpass-filtered suppressing frequency content at
LO harmonics of the SDR. Mostly off-the-shelf components on
an FR-4 substrate are used, enabling a simple manufacturing
process at low costs.

Owing to an overlap of the RF and IF frequency bands, the
initial design had problems with an insufficient suppression
failing the 40-dBc requirement for CW signals. Furthermore,
the matching needed to be improved in band D, because of a
design error in the printed circuit board (PCB) layer stack up.

In the following, a redesigned upconversion stage, improving
the discussed problems, is characterized. While a detailed block
diagram and a picture of the realization are given in Fig. 11, the
used key components are listed in Table I.

A. Frequency Planning

The front end has two preselector paths for CISPR bands C and
D, respectively. The first path is for frequencies below 300 MHz

TABLE I
KEY COMPONENT LIST OF THE UPCONVERSION STAGE

Fig. 12. Transfer characteristics of the upconversion stage measured at RF IN
and RF OUT.

and converts the upper side band to the IF located at 1.227 GHz.
Above 300 MHz, the second path is utilized, mixing up the
lower side band. In Fig. 12, the insertion loss (IL) and VSWR
are visualized. The VSWR exceeds the required value of 2:1
with a maximum of 2.28:1 at 380 MHz. As the utilized mixer
is sensitive to load mismatches introduced by the IF filter BP2,
this behavior could not be avoided unless the low-noise amplifier
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Fig. 13. IF response of the available filters implemented in the upconversion
stage measured at f0 = fLO − fIF = 500 MHz.

(LNA) changes position with BP2 providing a broadband match
to the mixer. The downside of this approach is that LNAs usually
cannot provide sufficient linearity to handle the output power of
such mixers degrading the overall DR, which is crucial for the
dedicated application. Hence, it is to choose applying a forced
match for measurements in the failing frequency range by use of,
e.g., an attenuator or an LNA. Intentionally, no amplification has
been implemented at the RF input as the additional gain would
decrease the compression level of the mixer and, thus, is not
recommended by CISPR 16-1-1. As suggested in Section II-E,
inserting additional attenuation is the way to go if the required
sensitivity allows to which is treated hereinafter in Section III-B.

Two different IF bandwidths are available with a usable
bandwidth of 10 and 40 MHz (see Fig. 13). As the preselection
filter BP1 offers an IL of more than 50 dB in the IF frequency
range, the RF–IF leakage suppression is a minor issue now.
In addition, the image frequency suppression of the B200mini
has been verified to be compliant and in conjunction with the
front-end extension; this requirement is fulfilled as well for the
specified IF bandwidths. The two different IF paths have an
impulse bandwidth of 20 and 62 MHz. It was shown in Fig. 9
that with the reduction of the preselector bandwidth to the latter
value, QPD measurements might become possible for the SDR.

B. Sensitivity

The sensitivity of the upconversion stage is mainly dominated
by the mixer in front of the LNA. Besides conversion loss, the
feedthrough of phase noise from the LO into the IF band plays
an important role for the NF. Even with sufficient frequency
distance between the LO carrier and the IF passband, wideband
noise from the voltage-controlled oscillator (VCO) might de-
crease the mixer performance. As highly linear mixers require
a large LO power level, i.e., 20 dBm, enough LO-IF isolation
has to be provided to suppress VCO noise below thermal noise
power density. To further lower the discussed feedthrough, low-
and high-pass filters (LP2 and HP2) are added in front of the
implemented frequency synthesizer. With the step attenuator,
the carrier power is leveled to the desired 20 dBm.

Fig. 14. Performance comparison of the NF for different LO configurations.

Traditionally, LO synthesizers are realized with a PLL gen-
erating integer or fractional multiples of the provided reference
frequency. The phase frequency detector (PFD) determines the
switching frequency of the charge pump (CP) tuning the VCO.
Periodically repeating CP spurs offset from the LO carrier occur
and might cause interference due to feedthrough into the IF
path. Therefore, a dual-loop PLL was implemented to shift the
main synthesizer’s CP spurs out of the IF frequency range. The
first PLL is utilized for mainly two purposes: First, the loop
bandwidth is rather low to clean a potentially noisy reference
clock; second, integer multiples of the divided reference can be
generated between 100 and 200 MHz, feeding the main PLL.
With the synthesizer, integer/fractional multiples of the input
frequency are generated, free of CP spurs at the IF frequency
range and of sufficient tuning accuracy.

To proof the implemented concept, the NF of the upconversion
stage is compared using an external bandpass filtered LO (see
Fig. 14). In the redesign, the maximum NF could be kept below
14 dB as for the initial version. The internal LO decreases the
sensitivity by approximately 2 dB compared to the externally
applied source. Although the measurement setup was shielded,
leakage due to interference from LTE and DVB-T base stations in
the close vicinity coupled into peripheral cables connected with
the setup. The noise power requirement Pmin from Section II-D
has its minimum at 1 GHz of −80 dBm. Thus, an NF require-
ment can be derived taking the maximum noise amplification
of GPD

N = 10 dB and SNRmin = 6 dB through NF = Pmin −
SNRmin − GPD

N + 174 dBm/Hz − 10 log10 BCISPR
N = 29 dB into

account. As the achieved NF is 15 dB better than the calculated
value, forced matching the upconversion stage is the best choice
to achieve a compliant measurement setup with the proposed
TEM cell.

C. Available DR

While the upconversion stage fulfills the CW requirements, it
is to be shown how much DR measuring CISPR pulses is avail-
able. To do so, the stage was tuned to two different frequencies
located in bands C and D, namely, f0 = fLO ± fIF = 60 and
500 MHz. The compression from linear gain is measured with a
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Fig. 15. Broadband DR of the upconversion stage measuring compression
from linear gain and the error over frequency for a certain power level setting.

fully compliant EMI receiver at the output RF OUT.3 Comparing
the measured peak output power of the CISPR filter with the
maximum sensitivity level due to the NF yields the error versus
the DR (see Fig. 15). To verify the performance over band C/D,
the error was calculated by comparing the impulse power with a
calibrated CW signal indicating the same level if no saturation
occurs. Although the measurements show that a DR of more than
60 dB is available at the certain frequency spot, the broadband
performance degrades for lower frequencies and forced to reduce
the power level to a DR of 55 dB. To conclude, a DR of 55
and 49 dB is achieved in bands C and D, respectively, with a
maximum error of 1 dB. Even though bands C and D are separate
frequency ranges, CISPR 16-1-1 unites them by specifying the
same requirements, e.g., the OVF. Strangely, in fact, the actual
version of the norm has reduced the weighting range of the QPD
to a DR of 26 dB in band D. As the redesigned upconversion
stage has two preselector paths covering band C/D separately, it
is assumed that an OVF of 26 dB is sufficient between 300 MHz
and 1 GHz. Hence, the upconversion stage provides enough DR
to perform compliant QPD measurements.

IV. PERFORMANCE IMPROVEMENT

The performance analysis of the B200mini in Section II
showed that the DR is limited to 25 dB for broadband impulses.
Although this is sufficient for compliant PD measurements,
the SDR alone fails the 40-dBc requirement for CW signals
due to downconversion spurs. With the presented upconversion
stage from Section III, the mentioned problem is solved as
the bandpass filtered output suppresses frequency content apart
from the fundamental downconversion product. Moreover, the
implemented IF filters decrease the impulse bandwidth at the
SDR input, and thus, the available DR is increased for broadband
impulses. In this section, the achievable DR for impulses of the
B200mini in conjunction with the redesigned upconversion stage
is investigated.

3EMI Receiver: Keysight Technologies MXE N9038A.

Fig. 16. Achieved DR over input power and the corresponding compression
from linear gain for impulses.

A. Performance at Full ABW

First of all, the performance at full ABW of the SDR is
examined utilizing the 40-MHz path of the upconversion stage.
In principal, the configuration of the SDR has been adopted
from Section II-C with the only difference that the B200mini was
tuned to f0 = 1.227 GHz with the IF located at fIF = −500 kHz.
The IF was shifted to a lower frequency to avoid suppressing
the signal for a lower AAF bandwidth, which is covered subse-
quently. In Fig. 16, the DR over input power and the deviation
from linear gain is depicted for two different gain settings.
The upconversion stage was tuned to 60 MHz, and the impulse
power was increased until full-scale resolution of the ADC was
reached. Obviously, the full DR of the ADC is accessible as
the error stays negligible over the entire power sweep. The
maximum DR is achieved for both the gain settings at 31 dB
matching the analytically derived values from Fig. 9 very well.
The quantization noise power level was low enough to resolve
the noise floor of the upconversion stage, maintaining the NF in
the range from Fig. 14. To increase the ABW of the B200mini,
it is possible to overclock the RFIC AD9364 up to 128 MSa/s
and bypass the AAF filter, which limits the ABW to 20 MHz.
Currently, this feature is not supported by the UHD driver from
Ettus Research interfacing the B200mini and is, thus, future work
to be verified. Although the IF filters of the upconversion stage
provide sufficient selectivity of aliases, it is questionable if the
spurious performance satisfies CISPR standards when the AAF
section is bypassed.

B. Impact of AAF Bandwidth

As the available DR at full ABW is still insufficient to perform
compliant QPD measurements, further bandwidth reduction of
the AAF is necessary. The minimum bandwidth to properly
resolve the CISPR filter is 1 MHz. Hence, to investigate the
maximum achievable DR of the SDR, the AAF cutoff frequency
is tuned to this value. Next, a power sweep of the impulses is
performed for different gain settings. In Fig. 17, the deviation
from linear gain is depicted. Obviously, using the 40-MHz path
of the upconversion stage allows a DR up to 43 and 47 dB for
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Fig. 17. Absolute error of the deviation from linear gain and the available
ABW over achieved DR for impulses.

gains 40 and 30, respectively. With the 10-MHz path, the linear-
ity requirements of the SDR can be further reduced, achieving
the target DR of 51 dB defined for the QPD. Based on the backoff
level from full-scale resolution of the ADC, the maximum ABW
at the achieved DR can be calculated. While in CISPR band C,
the ABW is limited to 1 MHz, in band D, a DR of 38 dB is
sufficient, which allows increasing the ABW to 5 MHz. While
PD measurements can be performed at full bandwidth, the QPD
forces to strongly reduce bandwidths coming along with an
increased frequency scan time.

C. Remarks

Further verification measurements on the transmitter path
incorporated in the B200mini have been made. The idea was
to embed the SDR’s output as external LO section in the
upconversion stage aiming to further reduce the costs. The
B200mini achieves an output power between 10 and 14 dBm
in the mentioned LO tuning range. With an external gain block,
it is possible to generate the desired 20 dBm driving the highly
linear mixer. Besides the explained problem with CP spurs (see
Section III-B), strong coupling effects of LO harmonics between
the transmit and receive path forced to drop this idea.

V. VERIFICATION AGAINST ACCREDITED TEST SITES

To verify the discussed setup comprising the TEM cell
from [6], the improved front-end extension, and the SDR
B200mini, the emission spectra of an EUT according to
CISPR 32 are measured. The battery-powered test device in-
corporates several radiation sources, e.g., dc–dc converters, an
LCD display, a dc motor, and a class-D audio amplifier on a PCB
with a size of 10 cm by 10 cm. The results from three different
accredited EMC test houses using, i.e., a 3-m SAC, a 5-m SAC,
and a 3-m fully anechoic chamber (FAC), are taken as reference
for comparisons with our low-cost system. In addition, measure-
ments with a professional GTEM cell have been made to identify
uncertainties caused by limitations of the correlation algorithm

Fig. 18. TEM-cell-based setup placed in an anechoic chamber. The reference
EUT is magnified in the lower right.

from Section II-D.4 It must be mentioned that the repeatability
and accuracy of different test sites have been investigated by a
round robin test in [26], [27], and [28]. Owing to setup-related
deviations, an uncertainty of up to±10 dB has been experienced,
which may also be expected for the presented results.

A. Measurement Scenario

To prevent from interference coupling into the open TEM cell,
the measurements have been made in a shielded anechoic cham-
ber (see Fig. 18). It is recommended by MIL-STD 462F RS105
to separate open TEM cells from reflecting surfaces at least two
times the septum height, i.e., ≥ 600 mm, which was achieved
by a Rohacell foam support [22].

The configuration of the SDR and the front end has been
adopted from Section IV-A. Furthermore, the signal analysis was
made according to Section II-D using the PD over a recording
length of 1 s. The absolute power level calibration of the receiver
in conjunction with applied cables was made with a calibrated
CW source.

In [6], the test volume of the TEM cell was verified with a field
probe covering the EUT’s dimensions. With the second port of
the cell, it is possible to crosscheck field homogeneity deviations
in loaded conditions. It is assumed that the total losses of the cell
are mainly caused by energy coupling into higher order modes,
which can cause resonances of the electric field in the cavity.
To be compliant, the losses of the empty cell have to be smaller
than 1 dB, which are calculated with the S-parameters of the
cell according to

|10 log10(S2
11 + S2

21)| ≤ 1 dB. (11)

The maximum losses of (11) are depicted in Fig. 19 for the un-
loaded cell and in loaded conditions. Obviously, the loaded cell
slightly exceeds the bound for frequencies above 700 MHz due

4The Teseq 500 was used in conjunction with the EMI receiver MXE N9028A
from Keysight Technologies fully complying to CISPR 16-1-1 and CISPR 32.
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Fig. 19. Total losses of the TEM cell from [6] unloaded and loaded with the
EUT.

to higher order mode excitation. It is to be noted that resonances
in the test volume potentially lead to measurement deviations,
which have to be taken into account when interpreting emission
spectra at critical frequencies.

B. Results

The analytic correlation algorithm for TEM cells is a worst
case model as it superposes absolute power values of three EUT
positions [see (6)], aiming to preserve the maximum emission
spectrum. In Fig. 20, the comparison of the emission spectra
from different test sites with the proposed low-cost setup is
depicted. As an overlay of noisy spectra impedes the visibility
of differences in field strength, the maximum peaks with a
minimum separation of 1 MHz have been depicted to highlight
the results. It was verified in advance that the output power of
the TEM cell is not saturating the SDR-based receiver. It can
be directly seen from all the subfigures that the TEM cell yields
a higher field strength than the GTEM based setup, although
the shape of the spectrum is almost the same up to 700 MHz.
According to [28], potential measurement uncertainty sources
causing this offset are, e.g., the repeatability of the EUT, field
homogeneity perturbations of the loaded cell, and thermal drift-
ing of the setup. Above 700 MHz, resonances in the TEM cell
cause an over estimation of the spectrum, which was predicted
in Fig. 19.

The SACs show a relatively high spectrum amplitude com-
pared to the FAC for frequencies between 30 and 50 MHz. In
this range, maximum field strengths occurred for the vertical
polarization of the receiving antenna at a height of only 1 m
above the ground plane. Operating large EMI antennas that close
to a reflecting surface influences their transfer characteristics
and causes in this case a higher field strength. As the antenna
height is kept constant at approximately 2 m in the FAC, the
measurements show a better correlation with the TEM-based
results.

Besides test site, EUT, and correlation algorithm-related de-
viations, the envelopes of the emitted spectra show a good
agreement with the low-cost setup considering typical tolerances

Fig. 20. Comparison of the radiated emission spectra from the (a) 3-m SAC,
(b) 5-m SAC, and (c) 3-m FAC with the measurements made using a Teseq 500
GTEM cell and the proposed low-cost setup. The results for the 5-m SAC have
been recalculated by the EMC test house to an equivalent distance of 10 m. The
maximum field strength of the traces is emphasized by the visualization of the
spectrum peaks separated by at least 1 MHz.

analyzed in the mentioned round robin tests. Hence, the feasi-
bility of performing radiated emission testing has been further
verified, carrying out a realistic test case, supplementary to
CISPR 16-1-1 procedures.

VI. CONCLUSION

Throughout this article, the suitability of the low-cost SDR
B200mini from Ettus Research was investigated in terms of
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radiated emission measurements in CISPR band C/D. Based on
a measurement setup typical for precompliance purposes, i.e.,
a TEM cell, the performance was analyzed. Besides sufficient
frequency accuracy, matching, and sensitivity, it was shown
that the DR of the B200mini is high enough to perform PD
measurements at an ABW of 20 MHz. The main problem, the
homodyne-based SDR was suffering from, is downconversion
spurs making compliant measurements impossible without sup-
pressing frequency content at LO harmonics. It was discussed
that this problem can be solved by applying additional prese-
lection filters with the downside that the number of required
filters increases as the investigated frequency decreases. In ad-
dition, the SDR’s analog front end did not provide sufficient
linearity for QPD measurements, representing the benchmark
for EMI receivers, without reducing the preselector bandwidth
drastically. To solve the mentioned problems, a highly linear
upconversion stage was utilized, which was verified to satisfy
QPD requirements. The bandpass-filtered output reduced the
impulse bandwidth at the SDR input to the analytically derived
target value and suppressed frequency content apart from the
fundamental downconversion product. The measurement results
of the B200mini in conjunction with the upconversion stage
indicated that QPD measurements are possible. To achieve the
required DR, it was necessary to reduce the bandwidth of the
AAF in front of the ADC to 1 MHz in band C and to 5 MHz in
band D. As a final step, the whole measurement setup comprising
a TEM cell, the front-end extension, and the B200mini was
verified by characterizing an EUT. The measurement results of
the low-cost setup showed a comparable performance with fully
compliant systems. To conclude, the most challenging require-
ments specified in CISPR 16-1-1 were tackled successfully using
a low-cost radiated emission measurement setup based on a
homodyne SDR. By carrying out a realistic test case, the reliable
estimation of emission spectra in advance was demonstrated.

APPENDIX A
ANTENNA HEIGHT SCAN OF THE MIRRORED DIPOLE

To fully understand the correlation algorithm used in
Section II-D, the antenna height scan in an SAC is explained.
According to Fig. 21, the EUT is placed on a table hT = 0.8 m
above an ideal and infinitely extended ground plane. The re-
ceiving antenna is positioned s = 10 m apart and is variable
in height from hA = 1 to 4 m. The radiation pattern of the
EUT is modeled as a dipole. Analytically, the ground plane is
treated by mirroring the radiation source. Usually, two worst
case scenarios are assumed for the correlation algorithm. For
vertical and horizontal polarizations of the receiving antenna,
maximum field strengths of the EUT occur when it is polarized
in the same direction. The electric field of a dipole varies with the
elevation angle θ according to sin θe−jk0r/r. After superposing
the mirrored dipoles, the geometrical factor gmax is given in
(12) for horizontal and vertical polarizations. By taking the
maximum of both equations over frequency and antenna height,
the maximum field strength in far-field conditions is derived. It is
possible to adjust the SAC scenario, e.g., to an FAC, by simply
neglecting the secondary terms in (12), as no ground plane is

Fig. 21. Scenario of the mirrored EUT problem in an SAC with the reflecting
ground plane.

used in this test site

gmax =

⎧⎪⎪⎨
⎪⎪⎩

∣∣∣∣ e−jk0r1

r1
− e−jk0r2

r2

∣∣∣∣
max

hor. pol.∣∣∣∣ s2r21 e−jk0r1

r1
+ s2

r22

e−jk0r2

r2

∣∣∣∣
max

vert. pol.
. (12)

APPENDIX B
SIGNAL PATH MODEL OF THE SDR

The signal model of the SDR used in Section II-F to estimate
the performance for transient signals implies several simplifi-
cations, which are discussed in the following. According to the
receiver topology of the B200mini, the analytic equation (1) of
a homodyne receiver is extended by

xIF(t) = [G(xRF(t) ∗ hPRE(t))e
−jwLOt] ∗
hAAF(t) ∗ hCISPR(t). (13)

The respective impulse responses of the preselector, the AAF,
and the CISPR filter are denoted by h(t). To derive the required
gain G of the system for full-scale resolution of the ADC, the
known peak output of the preselector and the AAF are brought
into relation. Therefore, the input stimulus is chosen to be an
impulse according to xRF(t) = vτδ(t)

V̂AAF

V̂PRE

=
Gmax{|(hPRE(t)e

−jwLOt) ∗ hAAF(t)|}
max{|(hPRE(t)|} . (14)

Simplifying (14), it is assumed that the frequency shifted transfer
characteristic of the preselector hPRE(t) · e−jwLOt has no impact
on the impulse response of the AAF hAAF(t). The peak output
of a filter can be defined by V̂ = max{|vτδ(t) ∗ h(t)|} = vτBI

and allows us to derive the gain by

G =
V̂AAF

V̂PRE

BPRE
I

BAAF
I

. (15)

In further calculations of this work, the influence of preceding
filter characteristics is neglected. In addition, I/Q imbalances
are not considered as their effect is assumed to be negligible for
RF-link budget calculations.
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Fig. 22. Setup for coherent averaging of CISPR impulses.

With the derived gain, it is now possible to calculate the
downconverted thermal noise level. The PSD of the random
signal n(t) can be derived using the autocorrelation function
r̃(τ):

r̃(τ) = E{[n(t)e−jwLOt][n(t− τ)e−jwLO(t−τ)]∗}
= Gr(τ)e−jwLOτ . (16)

The desired PSD is evaluated by taking the Fourier transform
of r̃(τ)

R̃(jw) = F{Gr(τ)e−jwLOτ} =
kT0

2
. (17)

By introducing the noise bandwidth BN =
∫ |H(jw)|2dw, the

noise power level for a certain filter further simplifies to

PN =
kT0

2

∫ ∞

−∞
|H(jw)|2dw =

kT0

2
BN. (18)

To summarize, the most important signal definitions, used in
this article, regarding impulses and thermal noise have been
explained.

APPENDIX C
TIME COHERENT AVERAGING OF CISPR PULSES

To test EMI receivers according to CISPR 16-1-1, an impulse
source generating extremely broadband transients of high ampli-
tude is necessary. In the investigated frequency range of CISPR
band C/D reaching from 30 MHz to 1 GHz, such generators
have to achieve an almost rectangular output over 300 ps and an
amplitude of 73.3 V into a 50-Ω load. The source used in this
article, i.e., Schwarzbeck IGU 2912, has reed contacts imple-
mented to achieve the highly demanding requirements. Owing
to jittering of the mechanical switch contacts, synchronization
of the impulse source with other measurement equipment is
difficult. As, in this article, a low-cost receiver with potentially
limited DR for such broadband signals is investigated, it was of
high interest to average the impulses in time domain for lowering
measurement uncertainties through thermal noise. To synchro-
nize time bases between the SDR and the impulse source, an
external trigger system was used (see Fig. 22). An oscilloscope
(OSC) monitors the output of the impulse generator (IMP) and

Fig. 23. Visualization of the averaging process.

outputs a trigger to a vector-signal generator (VSG), which
transmits a pseudonoise (PN) sequence following the impulse
to the SDR, as depicted in Fig. 23. Under ideal conditions, the
delay between the received correlation sequence and the impulse
is constant. Thus, it is possible to detect the events coherently
by correlating the measurements with the original PN sequence.
The phase information for equalizing the aligned traces is taken
at the decision point with maximum SNR of the first impulse
event. After averaging the baseband data sampled by the SDR,
the signal can be further processed by the CISPR filter.

The setup suffers from imperfect synchronization of the SDR
with the 10-MHz reference clock. As the B200mini incorporates
a TCXO, which is trimmed digitally, the measured delay be-
tween the impulse and the PN sequence is jittering. This problem
is further intensified by the VSG. Although the propagation
delay of the oscilloscope’s trigger unit is almost constant, the
VSG, i.e., R&S SMM100A, cannot be triggered infinitely fast.
As the arbitrary waveform generator is running at 500 MSa/s,
the timing response is limited to this sampling rate. In total, a
maximum jitter of 20 ns was achieved with this setup. Owing
to the relatively long impulse response of the CISPR filter de-
scribed by (3), the jitter has a negligible impact on the amplitude
accuracy of the measured impulses.
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