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ABSTRACT

While millimeter-wave (mmWave) wireless has recently gained
tremendous attentionwith the transition to 5G, developing a broadly
accessible experimental infrastructure will allow the research com-
munity to make significant progress in this area. Hence, in this
paper, we present the design and implementation of various pro-
grammable and open-access 28/60GHz software-defined radios
(SDRs), deployed in the PAWR COSMOS advanced wireless testbed.
These programmable mmWave radios are based on the IBM 28GHz
64-element dual-polarized phased array antenna module (PAAM)
subsystem board and the Sivers IMA 60GHz WiGig transceiver.
These front ends are integrated with USRP SDRs or Xilinx RF-
SoC boards, which provide baseband signal processing capabili-
ties. Moreover, we present measurements of the TX/RX beamform-
ing performance and example experiments (e.g., real-time channel
sounding and RFNoC-based 802.11ad preamble detection), using
the mmWave radios. Finally, we discuss ongoing enhancement and
development efforts focusing on these radios.

CCS CONCEPTS

· Networks → Network experimentation; Wireless access net-

works; · Hardware → Radio frequency and wireless circuits.
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1 INTRODUCTION

Millimeter-wave (mmWave) communication is a key technology
for 5G and future wireless networks, where the widely available

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.

WiNTECH ’21, January 31śFebruary 4, 2022, New Orleans, LA, USA

© 2022 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-1-4503-8703-3/22/01. . . $15.00
https://doi.org/10.1145/3477086.3480834

spectrum at mmWave frequencies can be leveraged to achieve very
high data rates (above Gbps) in cellular, Wi-Fi, and wireless back-
haul systems [1ś3]. Such capabilities can enable a broad range of
real-time applications including augmented reality and autonomous
vehicles. While there has been extensive recent development and
demonstrations of practical mmWave systems (e.g., [4ś9]), experi-
mentation with state-of-the-art programmable mmWave radios in
real-world environments it still a major challenge for researchers
from both academia and industry.

To address this challenge and to allow the broader community to
conduct experiments with mmWave wireless and other state-of-the-
art technologies, in [10], we presented the city-scale open-access
COSMOS testbed, which is being deployed in West Harlem, New
York City (NYC), as part of the NSF Platforms for AdvancedWireless
Research (PAWR) program [11]. One key technological component
of the COSMOS testbed is a variety of programmable mmWave
front ends at 28/60GHz, USRP software-defined radios (SDRs) and
Xilinx RFSoC evaluation boards, as well as end-to-end mmWave
systems, which can enable various experimental capabilities across
different layers of the networking stack.

In this paper, we first present a brief overview of the relevant
COSMOS testbed components, including the two sandboxs (sb1
and sb2). Then, we present the programmable mmWave front ends
and their integration with USRP SDRs and/or Xilinx RFSoC boards,
which have been deployed in the COSMOS testbed. These front ends
include the IBM 28GHz 64-element dual-polarized phased array an-
tenna module (PAAM) subsystem board [12, 13] and the Sivers IMA
60GHz WiGig transceiver system. We also present the developed
software and application program interfaces (APIs) for hardware
control and experimentation. Finally, we present measurements
and experiments with the 28GHz PAAM board, which is integrated
with a USRP N310, and the 60GHz Sivers IMA transceiver, which
is integrated with a USRP N310 and a Xilinx RFSoC board.

To summarize, this paper details the design and implementa-

tion of the programmable and open-access 28/60 GHz radios, which

are deployed in real-world indoor and outdoor environments and

can be remotely used by the community. These open-access hard-
ware/software resources and example experiments can be extended
to more complicated networking scenarios and facilitate experi-
mentation with advanced mmWave technologies.

2 RELATED WORK

There has been extensive recent research on the design and devel-
opment of mmWave systems and testbeds, including the X60 plat-
form [4], M-Cube [5], mm-FLEX [6], MIMORPH [7], Pi-Radio [14],
OpenMili [8], and MiRa [9], which mostly focus on 60GHz wireless.
In particular, X60 [4] is an SDR-based testbed for 60GHz WLANs
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(a) (b)

Figure 1: (a) COSMOS’ multi-layered computing architecture, which includes radio nodes with different form factors and computational

capabilities, and (b) various millimeter-wave (mmWave) front ends and systems integrated in the COSMOS testbed and sandboxes.

using a small 12-element phased antenna array with programmable
PHY/MAC/Network layers. M-Cube [5] is a 60GHz massive MIMO
SDR based on the commodity Airfide 802.11ad radio. The most
relevant to COSMOS’ 60GHz SDRs is MIMORPH [7], which is
a real-time experimental platform for sub-6GHz and mmWave
MIMO systems, where the Sivers IMA 60GHz transceiver is inte-
grated with a Xilinx RFSoC board. In addition, the PAWR POWDER-
RENEW [15, 16] and AERPAW [17] testbeds have a technological
focus on sub-6 GHz massive MIMO wireless and aerial communica-
tions, respectively. In comparison, COSMOS provides a broad range
of programmable and open-access mmWave front ends deployed
in real-world scenarios. These mmWave front ends with more ad-
vanced capabilities include the IBM 28GHz PAAM subsystem board,
whose integration with an SDR and an API as a software-defined
phased array platform was described in [18].

3 TESTBED, SANDBOXES, AND MMWAVE

COSMOS [10, 19] is an open-access city-scale advanced wireless
testbed that is being deployed in West Harlem, NYC, as part of
the NSF PAWR program [11]. Fig. 1(a) shows COSMOS’ multi-
layered computing and network architecture with different levels
of programmability from user devices up to the edge and central
cloud. In particular, there are three types of COSMOS nodes with
different form factors for different deployment scenarios, which
include: large nodes (macro cells installed on rooftops), medium

nodes (small cells installed on building side and lightpoles), and
small nodes (near-portable fixed or mobile devices). The deploy-
ment of COSMOS consists of three main sites: (i) a sandbox located
in WINLAB at Rutgers University with both indoor and outdoor
deployments (sb1), (ii) an indoor sandbox located in the CEPSR
Building at Columbia University (sb2), and (iii) the outdoor testbed
site that is currently being deployed in West Harlem, NYC (bed).
The open-access nature of COSMOS allows worldwide users to re-
motely use the testbed and experiment with advanced wireless and
edge cloud technologies. More details about the design and deploy-
ment of the COSMOS testbed, as well as extensive 28GHz channel
measurements in the testbed area, can be found in [10, 19ś21].

Key technological components of COSMOS are several mmWave
front end systems and radios, as shown in Fig. 1(b) and described
in ğ4. In particular, COSMOS includes two main mmWave front

Figure 2: Example block diagramof a programmablemmWave node

in COSMOS, where different configurations include a subset of the

major components (e.g., the 28GHzPAAMboardwith aUSRPN310).

end systems: (i) the IBM 28GHz 64-element dual-polarized phased
array antenna module (PAAM) subsystem board (ğ4.1), and (ii) the
Sivers IMA 60GHz 16-element phased array transceiver (ğ4.2), each
of which can be attached to an SDR or a Xilinx RFSoC board to
form a programmable mmWave radio. Fig. 2 shows an example
diagram of a COSMOS node equipped with mmWave capabilities,
which includes a mmWave front end system (e.g., the 28GHz PAAM
board) and an SDR (e.g., the USRP N310). It also shows the wall-
mounted enclosures for node electronics and antennas for indoor
and outdoor deployments, respectively. Different SDRs and compute
host are selected based on the node form factor and portability
requirements (ğ4.3). For example, an infrastructure medium node
mounted on a building side with available power supply consists
of a high-end USRP N310 SDR/Xilinx RFSoC board connected to
the compute servers via a high-speed optical front-haul, whereas a
battery-powered mobile node consists of a USRP B210/E312 SDR
and an Intel NUC for data storage and processing (ğ4.4).

COSMOS also supports end-to-end mmWave experimentation
using the 28GHz 5G NR platform and 60GHz EdgeLink nodes from
InterDigital (ğ4.5), and the 60GHz Terragraph radios from Facebook
as part of the Telecom Infra Project (TIP). In this paper, we focus
on the programmable mmWave front ends integrated with SDRs.
More detailed information about these end-to-end systems and the
relevant tutorials are available at [22, 23].
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Figure 12: Web interface (including live camera streaming) for con-

trolling the X-Y table, on which mmWave front ends are mounted.

Using the developed non-real-time library and API described in ğ4.3,
users can send data to the DACs, receive data from the ADCs, and
configure operating frequency and TX/RX beam steering directions.
The received and stored data can then be processed in an online or
offline manner. The detailed tutorial can be found in [23].

X-YTable for Positioning andOrientation: Another experimen-
tal hardware in sb1 is an X-Y table, which currently mounts the
Sivers IMA 60GHz transceiver (see Fig. 3(a)). The X-Y table allows
for independent movement of each mmWave front end in the hor-
izontal plane within a 1.3m × 1.3m area, and rotating the arrays
within ±45◦ about their vertical axis. Fig. 12 shows a customized
JavaScript-based web interface for controlling the position and an-
gle of the mounted arrays, which embeds the live camera streaming
functionality so that users can monitor the X-Y table remotely.

7 CONCLUSION

In this paper, we presented the design and implementation of pro-
grammable and open-access mmWave radios based on the IBM
28GHz PAAM subsystem board and the Sivers IMA 60GHz trans-
ceiver system. We also presented their integration in the COSMOS
testbed and the associated measurements and experimentation. Our
ongoing development include more advanced software (both host-
and FPGA-based) for mmWave experiments at different networking
layers, and the support of mmWave MIMO communication. We
also anticipate that with the ongoing outdoor deployment of the
IBM 28GHz PAAM subsystem boards, more complex mmWave
experiments in both static and mobile scenarios will be enabled.
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