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Abstract—millimeter-wave (mm-wave) communications, as any
other emerging technology, require suitable experimentation
platforms that allow validation and field tests in both academic
and industry research environments. Existing platforms for
mm-wave systems are based on Commercial-Off-The-Shelf
(COTS) devices or expensive proprietary hardware platforms.
In this paper we propose a mixed software-hardware testbed
for mm-wave experimentation using Software Defined Radio
(SDR) devices. Specifically, we design and implement the
hardware processing blocks required to decode the preamble
of frames that follow the structure of IEEE 802.11ad compliant
frames, working at a scaled-down bandwidth, along with their
integration in X310 USRP devices using the RFNoC framework
and 60GHz transceivers. The testbed is validated for different
indoor channels with real-time Channel Impulse Response (CIR)
measurements. The design exploits the maximum bandwidth for
X310 devices while leaving enough FPGA logic space (~ 60%),
for further upgrades and extension of the system.

Index Terms—mm-wave, testbed, 802.11ad, Software Defined
Radio, RFNoC, USRP, FPGA

[. INTRODUCTION

Saturation of the available bandwidth in sub-6 GHz
networks served as motivation to move communication
systems to millimeter-wave (mm-wave) frequencies where
there are plenty of available bandwidth resources for
state-of-the-art and future communication systems [1].
Together with the many advantages of systems operating in
frequencies above 6GHz, mm-wave systems also introduce
new challenges such as broadband noise, phase noise,
non-linearity, non-flat frequency response and power
dissipation [2]. To overcome these challenges, efficient signal
processing algorithms and strategies must be developed
to meet network requirements. These algorithms must be
validated in real environments under different conditions,
which requires suitable experimentation platforms that should
offer flexibility, fast reconfigurability and user-friendly
interfaces that help researchers to develop their applications.

Different testbed solutions for mm-wave experimentation
have been proposed in the literature [3]-[5], with different
characteristics that make them suitable for different scenarios.
The one from [3] offers full-bandwidth capabilities' and

Considering that the symbol rate of the IEEE 802.11ad standard is 1.76
Giga Symbols per Second

it is based on a proprietary framework which cost could
be prohibitive for small research groups and to be used
in academic environments. The work from [4] presents a
FPGA-based testbed integrated with mm-wave transceivers.
It offers half the bandwidth than the one defined in the
IEEE 802.11ad standard. It is based on a custom-based
framework which limit its use in academic environments since
it does not offer a user-friendly interface that case fast system
reconfigurability, results visualization among other functions.

Universal Software Radio Peripherals (USRPs) are
reconfigurable RF devices based on an FPGA and DA/AD
converters which allow to attach different RF front-end cards
to perform a wide variety of signal processing experiments
for different communication standards thanks to the extended
online open-source community. Although traditionally the
signal processing operations are performed on a host PC [5],
recently RFNoC has emerged as a powerful tool that helps
to implement signal processing algorithms on the on-board
FPGA. This reduces latency and increases throughput of
the system while at the same time allowing to validate the
hardware implementation of signal processing algorithm in
real environments.

In this paper we propose the design and implementation
of a mm-wave experimentation platform using USRP devices
and 60 GHz transceivers. We take advantage of the RFNoC
framework to implement the hardware blocks to process the
preamble of IEEE 802.11ad compliant frames[6] in real-time
at a configurable scaled-down bandwidth. Concretely, we
design and implement the packet detector, Carrier Frequency
Offset (CFO) correction, boundary detector and Channel
Impulse Response (CIR) blocks, allowing to measure the
channel characteristics of mm-wave channels, compute
Channel State Information (CSI) and allowing the extension
to multiple antenna systems thanks to the multi-device
synchronization capabilities of USRPs. The RFNoC tool
allows the system to be used with the GNU Radio
framework in a mixed software/hardware manner, bringing
flexibility and reconfigurability to the design and providing a
user-friendly framework widely used in research and academic
environments. Our proposed design serves as an open-source
low-cost platform for mm-wave experimentation [7] thanks to



the low cost of the baseband processor (around 30 times lower
than [3] and half that of [4]).

The rest of this paper is organized as follows: IEEE
802.11ad preamble and main signal processing tasks are
presented in Section II. The FPGA implementation of signal
processing blocks is explained in Section III. Experimental
results using 60 GHz RF front-ends are included in Section
IV and finally the conclusions are presented in Section V.

II. IEEE 802.11AD PREAMBLE STRUCTURE

The IEEE 802.11ad standard targets indoor and short range
communications at 60 GHz [6]. The standard includes thrce
physical layer frame types: control, Single Carrier (SC) and
OFDM. All frame types share the same [rame structure as
shown in Fig. 1. Since in this paper we mainly focus on the
design and implementation of the preamble signal processing
blocks, next we explain the preamble structure of IEEE
802.11ad frames.

e The Short Training Field (STF) is composed of multiple
repetitions of 128-length Golay sequences (49 x Gbqag for
control frames and 17 x Gajag for SC and OFDM frames). It
takes advantage of the periodic patterns to allow the receiver to
detect the incoming packets, compensate impairments such as
CFO and symbol timing deviations, and perform coarse frame
synchronization.

e The Channel Estimation Field (CEF) is composed
by repetitions of complementary Golay sequences
({Gb12s,Gajag}) that are used to compute the CIR
of the communication link by means of the correlation
properties of the Golay sequences.
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Fig. 1: Physical layer structure of IEEE 802.11ad compliant frames.

Next, we present a high level overview of the main signal

processing tasks performed to decode the preamble of IEEE
802.11ad frames.
Packet detection looks for the repetition of Golay sequences
present in the STF to detect valid frames. Approaches from
[8,9] implement the Normalized Auto Correlation (NAC)
algorithm (1) over the complex IQ samples (r [n]), which rise
to a high correlation value when a valid STF is detected.
A configurable threshold and confidence stages are added to
increase the algorithm’s robustness and reduce false frame
detection.
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CFO compensation estimates the possible differences
between local oscillator frequencies of transmitter and receiver
RF front-ends by means of computing the phase of the
summation term in the numerator of (1). The correction is

performed modulating the IQ samples with a locally generated
sine wave whose frequency matches the estimated CFO.
Boundary detection performs a coarse frame synchronization.
We use an approach similar to the one from [8] (Eq. (2)) to
estimate the position of the last sample of the STF by looking
for a phase change in the BD pattern.
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2)
CIR computation provides the time-domain channel
estimation by applying a cross correlation between the CEF
received samples and the complementary Golay sequences
({Gb12s,Gajasg}). Computations are performed over each
complementary sequence in the CEF as shown in (3), where
rogr are the IQ samples corresponding to the CEF and Gy is
Gbq2g or Gajzg depending of the individual sequence being
evaluated on the CEF. Finally, individual results are averaged
to reduce the effect of noise in the estimation.
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III. SYSTEM DESIGN

The system is designed for the X310 USRP device which
operates at 200 Mega-Samples per Second (MSPS). Besides,
to exploit the USRP capabilities, signal processing blocks are
designed to operate with 2 samples per symbol, which gives
a potential bandwidth of up to 100MHz>. This can be further
reduced using available digital up/down conversion RFNoC
blocks. Next, we explain the hardware/software processing
blocks that compose the proposed system.

A. Transmitter Side

Since our proposed testbed focuses mainly on the receiver
side, main transmitter tasks such as bit generation, LDPC
encoding, modulation, etc. are computed offline using a
software model [10], for the purpose of simplicity. For
this reason, multiple IEEE 802.11ad compliant frames were
generated to be used in the GNU Radio Framework as source
files. They are being transmitted using the X310 USRP and a
basic TX daughter board attached to the USRP, which is able
to output baseband IQ samples to be directly up-converted and
transmitted using the 60 GHz front-end.

B. Receiver Side

The top-level baseband processing system is shown in Fig.
2, where the FPGA domain and the ADC are integrated in the
X310 USRP. It receives the baseband IQ samples from the
60 GHz RF front-end using a basic RX daughter board. The
FPGA domain includes the hardware blocks responsible for
processing the preamble of the received frames according to
the processing tasks presented in Section II. Finally the output
of the CIR block is sent to the host through a 10GB Ethernet

2This results in a scale-down factor of 17.6 times compared to the
bandwidth of IEEE 802.11ad standard compliant systems



interface, where the user is able to visualize the results, save
the data or add extra signal processing blocks.

All the hardware processing blocks use a 200 MHz clock
frequency and are merged into AXI stream interfaces to make
them RFNoC compatible.

1) Packet Detector: This block implements the NAC
algorithm from (1) over the incoming complex I/Q samples
(16-bits per channel). The block outputs two different streams:
i) received IQ samples to be processed by the subsequent
blocks and ii) the summation term of the numerator of (1)
which is used to estimate the CFO. To design RFNoC blocks
with single input/output ports and reduce the wiring congestion
of the implemented design, we time-multiplex the outputs
when a valid packet is detected. The output switches from
the I/Q samples to the cross-correlation result when a packet
is detected. Then, after a configurable time, the output is
switched back to the IQ samples, as shown in Fig. 3a.

2) CFO Estimation/Correction: We merge the CFO
estimation and correction tasks into a single block. Estimation

is done by means of an implementation of the CORDIC
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algorithm [11] to compute the angle of  r[i —n] X
r*[i —n — 128], accumulated over a number of ?:onﬁgurable
Golay periods. The number of iterations of the algorithm can
be adjusted on-the-fly from 1 to 22 iterations.The arctan values
used by the CORDIC block are stored in a look-up table
(LUT) as 22-bit values. CFO correction is done implementing
a Direct Digital Frequency Synthesizer (DDFS) based on a
dual-port ROM memory storing a quarter period of a sine wave
and a phase accumulator. The block multiplies the generated
complex sine wave with the incoming I/Q samples. The CFO
value is updated each time a valid packet arrives as shown in
Fig. 3b.

3) Boundary Detector: Although the processing of (2)
could be done reusing part of the hardware from the packet
detector, in this proposal we implement the boundary detector
as a separate block to ensure that the design is modular.
The block waits until the CFO is compensated to start the
computation of (2). The block tracks the BD output (2) looking
for a phase change due to the last Golay sequence of the STF.
Once the phase change is detected, it estimates the maximum
value which gives an estimation of the position of last sample
of the STF, as shown in Fig. 3c.

4) CIR Computation: The block divides the estimated
input CEF samples into groups of 128 and then it computes
the cross-correlation with the corresponding Golay sequence
according to the CEF structure. Individual results are averaged
to compute the 128-length CIR which is sent to the host
processor. While different efficient Golay correlators exist in
the literature [12], we design the block to work with different
training sequences. We store the Golay sequences in registers
taking into account the 7/2 rotation of the BPSK modulated
incoming samples from the preamble[6]. Only 128 complex
samples per valid packet are sent to the host PC, which helps
to reduce the bandwidth required between the X310 USRP
and the host PC. Fig. 3d shows an example of an estimated
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Fig. 2: Data path of the baseband preamble processing system.
CIR using the proposed system.
C. Area Results

Post-implementation area results for each one of the
designed blocks are presented in Table I which were extracted
from the Vivado post-route report. It is important to remark
that the number of registers (FF) required by the CIR block
could be greatly reduced if instead of considering a generic
correlator we would implemented a fast Golay correlator.
The area occupied for the complete design including all the
logic blocks required by the GNU Radio/RFNoC framework
is shown in Table II. It can be seen from Table II that there
remains logic space on the FPGA device (= 60%) to add more
processing blocks for further upgrades of the design.

[[ Hardware Block BRAM  DSP48 FF LUT ||
Packet Detector 0 22 1293 1832
CFO Compensation 2 5 849 656
Boundary Detector 0 2 384 368
CIR 0 4 24230 13460

TABLE I: FPGA resources per designed block

[ Site Type Used  Available Uil % ||
Slice LUT 111187 254200 43.74 %
Slices Registers 154857 508400 30.46 %
BRAM 326 795 41.01 %
DSP48 152 1540 9.87 %

TABLE II: Full system FPGA resources

IV. EXPERIMENTAL RESULTS USING 60 GHZ
TRANSCEIVERS

We now discuss the hardware required to set up the testbed
for mm-wave experimentation with 60 GHz transceivers. Fig.
4 shows a block diagram with the main components used
to set up the proposed testbed with separate transmitter and
receiver nodes: two host PCs equipped with an Intel® Core™
i7 processor, 32 GB of DDR4 RAM memory, a 10 GB
Ethernet card and a 1TB SSD hard disk. We further use GNU
Radio 3.7.13.4 and RFNoC (UHD 3.15.0 and gr-ettus) on
a Ubuntu 18.04 LTS operating system. In addition, Xilinx
Vivado 2017.4 was used to implement the hardware blocks
and build the FPGA image. The X310 USRPs are equipped
with basic RX/TX daughter boards to be able to directly
input/output baseband IQ samples. The 60 GHz transceivers
are VublQ up/down converters which operate in the 60 GHz
unlicensed spectrum. An external clock source (285.714 MHz)
is connected to the Tx/Rx VubIQ external clock input using a
passive signal splitter. Finally, low pass filters, attenuators and



04|
O,
i*]
£ Z 7
5 0 o —10|
O
< —0.2 |- \ 7
1Q samples
—0.4 - ~20 | | |
0 1,000 2,000 0 0.5 1 1.5

Samples Samples( x 10‘5)

(a) Packet detector out (b) Estimated CFO

STF ‘End ‘\ ‘ 061

0.2 |-

Norm. Amplitude
(=}
Norm. Amplitude
o
S~
|

Phase Change
| |

0 50 100 150 200

Samples

0
—40 =20 O 20 40

Index

(¢) Boundary detector out (d) Estimated CIR

Fig. 3: Example of the output of each designed hardware block

single-ended to differential converters are used in the testbed.
A photo of the deployed testbed is presented in Fig. 5.
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Fig. 5: Testbed showing all hardware components.

An increase in the sampling period of a system that was
intended originally to work at giga-sampling rate introduces
some limitations. For example, the CFO only depends on the
frequency difference of local oscillators on Rx and Tx RF
front-ends. Therefore, a reduction of the sampling frequency
prevents the system from compensating the CFO if it is higher
than a value which depends on the relationship between the
scaled-down sampling frequency and the one defined by the
standard. For this reason, a common external clock source for
both RF front-ends was used, as shown in Fig. 4, in order to
keep the CFO within acceptable bounds [4].

It is important to remark that the proposed baseband
processor outputs baseband IQ samples, which allows its
operation with different RF front-ends, for example integrating
phased array antennas [13].

The proposed testbed is validated through an extensive
measurement campaign for different indoor channel

conditions. For the experiments conducted in this paper
we set a bandwidth of 100MHz (17.6 times lower bandwidth
than the IEEE 802.11ad standard), considering a symbol rate
of 100 Mega Symbols per Second. Despite this, the system is
flexible to support different symbol rates by means of Digital
Down/Up Conversion RFNoC blocks (DDC/DUC). In Fig. 6
we show an example of the achieved results, increasing the
distance between Tx and Rx nodes up to 7 m of separation.
In all the cases, the system is able to decode the preamble of
the packets and compute the CIR.
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Fig. 6: Example CIR for 3 m and 7 m of distance between Tx and
Rx with a symbol rate of 100 MS/s and 12 dB of gain.

V. CONCLUSION AND FUTURE WORKS

We presented an open-source, low-cost, flexible and
configurable testbed platform for mm-wave experimentation.
The designed system allows to measure the channel conditions
by means of transmitting packets that follow the structure of
IEEE 802.11ad compliant frames, but using a longer symbol
period. The designed system exploits the maximum bandwidth
of USRP devices while being area efficient, leaving space to
further upgrade the system and extend the functionality of the
design. The proposed testbed is open-source and the code of
the developed system was released to be used in academia and
other research environments [7]. The designed system can be
reconfigured in real-time, changing the functionality of the
blocks by means of the user-friendly GNU Radio interface.
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