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Abstract—Reducing receiver complexity and power con-
sumption are important design goals in fifth-generation (5G)
millimeter-wave (mm-wave) communications systems. One ap-
proach for achieving these goals is to employ direct intermediate
frequency (IF) sampling at sub-Nyquist rates in a superhetero-
dyne receiver architecture using digital downconversion of the
IF signal. This paper presents original measured results char-
acterizing in detail the signal-to-noise-ratio (SNR), error vector
magnitude (EVM), and block error rate (BLER) performances
of a direct IF subsampling mm-wave receiver with subsampling
rate as a parameter. A software-defined r adio ( SDR) receiver
using direct IF subsampling was implemented in a 28GHz,
beamforming, over-the-air (OTA), hardware-in-the-loop (HWIL),
SDR testbed using a 2.52 GHz IF. For a quadrature phase
shift keying (QPSK) modulated long-term evolution (LTE) signal
subsampled at 500 MHz, a small SNR penalty of ~3dB at 5%
BLER was obtained over a 10 GHz Nyquist sampling benchmark.

Index Terms—Direct sampling, sub-Nyquist sampling,
software-defined r adio, 4 G and 5 G, millimeter-wave receiver

I. INTRODUCTION

Fifth-generation wireless networks use higher carrier fre-
quencies into the mm-wave region to support increased peak
data rates and area capacity [1], [2]. Using mm-waves intro-
duces additional challenges regarding receiver design, such as
integrating various wireless devices that use distinct wireless
standards into one cohesive system [3]. Realizing such units
with conventional receiver architectures puts stringent require-
ments on the RF front-end and the analog-to-digital converters
(ADCs), with increased count and power consumption of
RF components [4], [S]. To overcome these obstacles, it is
desirable to develop flexible, l ow-cost s oftware-defined radio
receivers that process more complex RF functionality in the
digital domain [6], [7].

By using direct RF sampling to digitize the RF signal
as soon as possible after the antenna, the software-defined
radio (SDR) technique could provide the flexibility and cost
reduction sought [8]-[10]. This comes at the cost of more
demanding specifications and requirements for the ADC (e.g.,
high sampling rate, large analog input bandwidth, high power
consumption, low dynamic range, reduced linearity, and lack
of filtering a gility) [ 11]. T hese r equirements b ecome more
challenging when the mm-wave band is considered. ADCs
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using direct RF sampling in the mm-wave band (e.g. at
28 GHz) have significant cost and commercial availability
constraints. Custom ADCs with up to 250 GSa/s are used in
test and measurement equipment but they are not commer-
cially accessible for use in generic mm-wave receivers. To
the best of the authors’ knowledge, commercially available
state-of-the-art ADCs for generic applications have maximum
sampling rates of up to 10 GSa/s and maximum analog input
bandwidths of up to 8 GHz [12], [13]. Such ADCs exhibit
power consumption in the order of watts.

A practical alternative to the mm-wave direct RF sampling
receiver architecture is the direct IF sampling receiver, which
downconverts the RF signal in a single mixer stage to a
non-zero IF. The IF signal is directly digitized for signal
processing using an ADC. By selecting an IF below 6GHz,
a large range of commercial off-the-shelf (COTS) ADCs are
readily available [14]. In [15] a SISO OTA communication
link using direct IF sampling is demonstrated for a 64-QAM
signal. A D-band RF signal at 159.4 GHz is downconverted to
a 5GHz IF and subsequently direct IF sampled. The authors
only demonstrate the system without disclosing the sampling
design used (i.e., the ADC sampling rate or bit resolution)
or providing an experimental characterization of the system
performance. Losses due to sampling are not reported nor is
an indication of the optimum sampling rate identified.

Sampling the bandpass IF signal at sub-Nyquist rates (i.e.,
subsampling) admits ADCs with low power consumption and
high bit resolutions. The choice of the subsampling rate
depends on several system parameters, in particular, the out-of-
band noise floor and the IF bandpass filter (BPF) bandwidth,
which determine the overall noise power after noise aliasing or
folding. As mathematical analysis of the impact of the noise
folding process on system performance is protracted, research
based on the experimental characterization of SNR, EVM, and
BLER has been more commonly used to design receivers. In
[6] and [16], the authors investigate direct RF sampling and
subsampling techniques in sub-6 GHz receivers, whereas no
results of comparable experimental characterization exist for
mm-wave receivers, including superheterodyne receivers.

The Xilinx Radio Frequency System on Chip (RF-SoC)
technology combines programmable digital fabrics with high-
speed ADCs/DACs on the same chip, enabling real-time Direct



IF sampling receivers [17]-[20]. The latest RF-SoCs support
up to 16 ADCs/DACs with input analogue bandwidth of 6
GHz and ADC sampling frequency of 6 GSa/s. In [21], RFSoC
technology has been utilized and frequency down conversion is
performed from RF (28GHz) in one stage but direct conversion
receivers are employed at the IF stage.

In [22], a direct subsampling receiver design is proposed
for Ka-band applications using a sample and hold amplifier
(SHA). The receiver performance is evaluated for the SHA
only omitting the system characterized. In [23], a direct RF
subsampling receiver model for the Ka-band is investigated for
a high throughput satellite scheme but only the noise folding
model is evaluated considering the roll-off rate of the anti-
aliasing filter. There is no analysis for different subsampling
rates and no assessment of overall system performance for a
candidate transmission signal.

This paper presents original measured results for direct IF
sampling and subsampling receivers for a SISO OTA 5G mm-
wave communication link. For characterization, a 20 MHz LTE
signal with QPSK digital modulation is first upconverted to 28
GHz before transmission over the air. At the receiver, the 28
GHz signal is downconverted to the IF signal using a single-
stage downconversion mixer, and then presented for direct IF
sampling. Direct IF sampling is performed at both Nyquist
and sub-Nyquist sampling rates. The system performance is
evaluated through the SNR, constellation EVM, and LTE
system block error rate (BLER). The receiver power penalty
as measured at the ADC input is identified for different sub-
sampling rates corresponding to 3GPP benchmarks of 17.5%
EVM for QPSK modulation, 5% BLER and 95% throughput.

II. SYSTEM DESIGN DESCRIPTION

The schematic diagram of a SISO OTA communication
link with a direct IF sampling receiver is shown in Fig. 1.
The NI PXI 5791 RF signal transceiver is employed in the
test setup working together with the NI PXIe 7975R FPGA
module for baseband signal processing. The NI-5791 provides
the frequency up-conversion and down-conversion from the
baseband signal to the intermediate frequency (IF). It has an
independent onboard local oscillator (LO) for both RF input
and RF output with frequency coverage from 200 MHz to
4.4 GHz. An LTE 20 MHz baseband (BB) signal is generated
using the LabView-based LTE Application Framework, then
the BB signal is converted to an analog signal, up-converted to
the IF frequency of 2.52 GHz, and amplified utilizing the NI-
5791 onboard digital to analog converters (DACs), frequency
up-conversion unit, and amplifier [24].

For transmission in the mm-wave band, the IF transmitted
signal from the NI 5791 is up-converted into the mm-wave
band (to 28 GHz) using a frequency up-conversion unit, named
UD (upconversion/downconversion) Box [25] (see schematic
in Fig. 1). A bandpass filter (BPF) is employed after the
frequency up-conversion to suppress any signals at the image
frequency, LO leakage, and other unwanted signals. The BPF
is a Mini-Circuits component [26], with a passband from 26.5
GHz to 29.5 GHz and a passband insertion losses of 0.75 dB
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Fig. 1: Schematic for the SISO direct IF sampling transceiver.

[26]. The active phased array (consisting of a beamformer,
amplifiers, and planar antenna array) is employed after the
BPF filter. The 1 x 4 beamformer is set in the transmit (Tx)
mode, for Line of Sight (LoS) communication between the
transmit and receive antenna arrays. The transmit beamformer
incorporates power amplifiers in the RF chain with a maximum
power gain of 18 dB per branch at 28 GHz [27]. The employed
planar antenna array consists of four linear arrays. Each linear
array, consisting of 4 patch-antenna elements, has a realized
maximum gain of ~9 dBi in the broadside direction.

The receiver uses the same active phased array device as
employed at the transmitter. The beamformer is configured
in the receive (Rx) mode, employing a first-stage low noise
amplifier (LNA) in the RF front-end, having a gain of 13
dB per branch and an overall noise figure (NF) of 14 dB,
which is a relatively high NF [27]. Like the Tx-end, the phase
shifters in the beamformer at the Rx-end are calibrated for
maxima along the broadside direction. To obtain sufficient
overall amplification, a second stage LNA manufactured by
Mini-Cicruits [28], having a gain of 22 dB and NF 2.38 dB at
28 GHz, is cascaded after the receive beamformer. After the
second LNA, a BPF [26] identical to the one at the Tx-end is
employed to filter out harmonics generated by the combined
Rx-end beamformer and second-stage LNA as well as LO
leakage from the following down conversion unit (UD-Box).

Once the signal is downconverted to IF (2.52 GHz), a
third stage of amplification is employed using a Mini-Circuit
amplifier [29] having a gain of 20 dB and an NF of 1.4 dB.
The purpose of the IF amplifier is to ensure the signal fully
occupies the entire ADC dynamic range at low received power
levels. In the experimental testbed, the ADC function was pro-
vided by a LeCroy Wavemaster 813Zi-A digital oscilloscope
with an analog bandwidth of 13 GHz and 8-bit resolution. An
BPF is inserted after the IF amplifier to suppress any image
signals, LO leakage towards the IF, and other spurious signals
that may be present. The -3 dB bandwidth of the IF BPF is



~80 MHz (from 2.485 GHz - 2.565 GHz) with a minimum
insertion loss of 1.3 dB at 2.53 GHz [30]. The output from
the IF BPF is fed to the oscilloscope for direct IF sampling.
The oscilloscope sensitivity was manually adjusted to ensure
the received signal occupied the entire 8-bit resolution.

The digital back-end of the direct IF sampling receiver is
realized using a NI-PXIe-8135 embedded controller where
the sampled signal from the oscilloscope is digitally down-
converted (DDC), consisting of digital numerically controlled
oscillators (NCOs) followed by low-pass filters to extract
the desired baseband IQ signal. The resulting IQ stream
is processed by LabView’s LTE Application Framework to
recover the downlink physical shared channel (DPSCH) data
as well as provide SNR, EVM and BLER measurements.

III. EXPERIMENTAL RESULTS

The direct IF sampling receiver is characterized in an
anechoic chamber over a 140 cm OTA wireless link at 28 GHz,
as shown in Fig. 2. A 20 MHz LTE signal is employed as a
baseband signal using modulation and coding scheme MCS9,
which corresponds to QPSK digital modulation. The signal
passes through the RF front-end as per the schematic provided
in Fig.1 and is then made available for direct IF sampling at
the 13 GHz inputs of the LeCroy WaveMaster oscilloscope.
The receiver performance is characterized in terms of received
SNR, EVM, and system BLER at sampling frequencies of
10 GSa/s (for the Nyquist sampling benchmark) and at 250
MSa/s, 500 MSa/s, 1 GSa/s and 2.5 GSa/s (for the subsampling
cases). Although a theoretical 5.04 GSa/s sampling frequency
could be used for the Nyquist sampling benchmark, 10 GSa/s
was used as it is the lowest available rate that can be set on
the oscilloscope for a 2.52 GHz IF.

The measured SNR for the direct IF sampling receiver is
shown in Fig. 3 for different sampling frequencies. The SNRs
are plotted against the received signal power level as measured
at the input of the oscilloscope. A variation in the received
power at the input of the oscilloscope can be achieved in
different ways, for example, by inserting a variable attenuator
in either the transmit or receive RF chains or by varying
the baseband signal transmit power at the LabView-based
LTE Application Framework running on the NI PXIe 8135
controller. The latter approach was adopted in the experimental
testbed. Fig. 3 shows that as the received signal power at
the input of the oscilloscope increased from -80 dBm to -60
dBm, an almost proportional increase in the SNR occurred.
On average, a difference of ~4.5 dB is observed between the
SNR for a sampling rate of 10 GSa/s and 250 MSa/s, which
reduces to about 3dB when compared with the 500 MSa/s
and a further reduction with a difference of about 2 dB when
compared with the sampling rate of 1 GSa/s.

The measured EVM versus received signal power for
Nyquist and sub-Nyquist sampling are shown in Fig. 4. In
the Nyquist sampling case (sampling at 10 GSa/s), the EVM
increases from 6.9% to 38.6% when the received signal
power decreases from -60 dBm to -80 dBm. For sub-Nyquist
sampling at 250 MSa/s, the EVM increases from 13.86% (at a
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Fig. 2: HWIL SDR testbed (a) mm-wave chamber configura-
tion (b) IF equipment and components.
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Fig. 3: Measured SNR against received input power at ADC.

received power of -60 dBm) to 57.66% (at received power of -
80 dBm). Similar to SNR, an improvement in the EVM can be
noted when the subsampling frequency is increased from 250
MSa/s to 2.5 Ga/S. According to the 3GPP standards, the target
EVM of 17.5% for QPSK modulation would be realized at
about {—73, —71, —70, —69, —66 } dBm received power corre-
sponding to sampling rates of {10,2.5,1,0.5,0.25} GSa/s, re-
spectively. Importantly, the EVMs for sampling rates down to
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TABLE I: Power penalty (loss in dB) compared to the Nyquist
sampling at 10 GSa/s

Sampling Power Penalty (dB) for a | Power Penalty (dB) for
Frequency target EVM of 17.5% a BLER of < 5%
250 MSa/s 5.5 5.5
500 MSa/s 3.0 3.5

1 GSal/s 2.0 2.5

2.5GSa/s 1.5 2.0

500 MSa/s converge in the high received signal power regime
suggesting that a least sampling rate of 500 MSa/s should
be used. Fig 5 depicts the measured QPSK constellation at
the received power of -65 dBm where both the Nyquist and
sub-Nyquist sampling cases meet the target EVM for the LTE
signal, indicating that the received signal is of high quality
(i.e., zero BLER).

The measured system BLER versus received signal power
for the aforementioned testbed conditions is shown in Fig. 6
for different sampling rates of the oscilloscope. For 3GPP
standards compliance, a BLER of 5% is targeted. From
the curves in Fig. 6 this 5% target is reached at about
{-81,-79,—79,—78,—76} dBm received power correspond-
ing to sampling rates of {10,2.5,1,0.5,0.25} GSa/s, respec-
tively. Importantly, these operating BLER targets correspond
to EVMs of approximately 40% demonstrating the error re-
silience of the LTE turbo code. Also, the BLER trends support
the observation from the EVM trends that a least sampling
rate of 500 MSa/s could be adopted for the system under test.
For these BLER measurements, at least 300 transport blocks
were sent per data point. Finally, Fig. 7 plots normalized
throughput, calculated as 100 x (1 — BLER), versus received
signal power with the sampling rate as a parameter. Hence, the
throughput trends reflect the same trends observed for BLER
measurements. For MCS9 the maximum raw data rate is 15.84
Mbit/s since a 1584 bits transport block size is used per 1ms
transmission time interval. As the LTE Application Framework
applies a channel coding rate of 0.66 for MCS9, the effective
spectral efficiency is about 0.52 bit/s/Hz.

The power penalty (loss in dB) when a subsampling



technique is employed over the baseline Nyquist sampling
frequency of 10 GSa/s, is provided in Table I. Comparing
direct IF sampling at 500 MSa/s to Nyquist sampling at 10
GSa/s, the 3 dB degradation in received signal power and,
therefore, sensitivity is mainly due to the RF noise folding and
increased in-band digital noise level. The relatively “good”
performance of the subsampling receiver is attributable to
the employed testbed’s stringent filtering modules, particularly
the IF filter that effectively mitigates the impact of noise
folding. With a high out-of-band rejection ratio, the IF filter
suppresses the spurious signal to a significant extent, which
improves further the receiver performance, particularly for the
subsampling scenario. A more detailed mathematical analysis
of these effects, which is beyond the scope of this paper, will
be carried out in the authors’ future work.

The demonstration confirms the efficacy of a direct IF
subsampling receiver for mm-wave communications systems.
The direct IF sampling receiver incorporates the positive
aspects of homodyne and superheterodyne (multi-stage RF
down conversion) receivers. Direct sampling of high IF signals
eliminates DC offset and low-frequency noise. It also serves
the purpose of keeping the sampling frequency low, which,
in practical receivers, results in the ADCs, the most power-
hungry module in the RF chain, consuming less energy.

IV. CONCLUSION

Experimental implementation of a direct IF sampling re-
ceiver for a SISO OTA communication link in the 5G 28
GHz FR2 band has been carried out using an HWIL testbed.
The SNR, EVM, BLER and throughput performance of the
system is evaluated employing both Nyquist and sub-Nyquist
sampling rates at an IF of 2.52 GHz. For a QPSK-modulated
LTE signal subsampled at 500 MSa/s over a 10 GSa/s Nyquist
sampling benchmark, a small SNR penalty of 3 dB at 5%
BLER was recorded. The results demonstrate that the direct
IF subsampling receiver is a suitable candidate for the 5G
mm-wave wireless communication systems by both reducing
receiver complexity and power consumption.
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