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Abstract

With the turn of new decade, wireless communications
face a big challenge on connecting more and more new users
and devices, at the same time being energy efficient and mini-
mizing its carbon footprint. However, the current approaches
to keep up with data rates while adding more users either
end up demanding new spectrum resources, as is the case
with OFDMA, or demanding a lot of power consumption
in the RF front end processing chains, as is the case with
Massive MIMO. GreenMO addresses this dichotomy by creat-
ing a new multi-user communications architecture which is
both spectrum- and power-efficient. That is, GreenMO brings
about an order of magnitude power savings by reducing to
power consumption to O(1) from the current O(Nypt) in the
current Massive MIMO architectures having Ny antennas.
The key insight GreenMO has, to optimize the power con-
sumption, is introduction of virtualization of the RF chain
hardware . That is, instead of using multiple physically laid
RF chains, GreenMO creates these RF chains virtually on
the fly, being flexible to the user load. Thus, GreenMO paves
for green& flexible communication architectures. We pro-
totype GreenMO on a PCB with eight antennas and eval-
uate it with a WARPv3 SDR platform in an office environ-
ment. The results demonstrate that GreenMO is 3X more
power-efficient than traditional Massive MIMO and 4X more
spectrum-efficient than traditional FDMA systems, while
multiplexing 4 users.

1 Introduction

Current wireless systems have a very high carbon foot-
print of 1.4% , close to aviation industry that has a footprint
of 2%. So, the wireless industry is aiming to reduce this foot-
print by 45% by 2030, by optimizing for energy consumption
[1, 2]. This is going to be a gargantuan task even with ad-
vancements in efficient radio designs, with billions of more
devices getting connected [3] and increasing data rate trends
[4]. Thus the wireless systems, more specifically, the next
generation base-stations will face a challenging time reduc-
ing energy footprint to meet the target, while keeping up
with data rates to add new users/devices. Hence, the need of
the hour is to develop base-stations that are ideal or green i.e.,
figure out a way to add users and maintaining data rates for
each user, (1) while optimizing for both spectrum and power
(2) being flexible and Scale-able, so the energy consumption
is proportional to the amount of data communicated.

To achieve a green communication system, a straight for-
ward way for base-stations to keep up is by adding new
spectrum to support more users and maintaining data-rate
and leverage radio design enhancements in sub-6 GHz to

reduce energy consumption'. However spectrum is scarce
in sub-6 GHz, and expensive and needs to be utilized in an
efficient way [5, 6]. For example, in WiFi6’s OFDMA [7] the
increasing users are served by slicing the fixed aggregate
spectrum into multiple slices that serve each user, providing
each user a narrow slice of non-interfering channel. While,
this makes the AP need constant energy to process the fixed
number of users, it would lead to low-data rates per user,
which defeats the purpose of spectrum efficiency.

To overcome the limited spectrum per user, there is an
increasing trend towards Massive MIMO systems for serving
large number of users (let’s say N) concurrently over entire
spectrum by deploying larger antenna arrays (N, > N) on
the base station and create spatially non-interfering channels
to serve each user, thus providing spectrum efficiency [8-13].
However, these multi-antenna (Ng,;) Massive MIMO arrays
results in extreme energy in-efficiency and lacks flexibility.
First, massive MIMO would in turn require N, individual
(radio) RF front end processing chains (RF-chains), which
would increase the overall power consumption by Ngp:x [14-
17]. Additionally, an ideal green system should only need to
perform computation and typically backhaul only N data-
streams for serving N users. However, the Massive MIMO
system would need to backhaul and compute on Ny, >> N
data streams for serving N users. Finally, the backhaul and
compute of the data, doesn’t reduce even if the number of
users are reduced in the system (as reduced antennas lead
to loosing the degree of freedom). Thus, the additional N,
backhualing ends up using compute power inefficiently.

An ideal green communication system should be most
power efficient, where all the power consumption is propor-
tional to amount of data moved across the system. Next, the
green communication system should minimize the power
consumption of the RF-chains to be minimal and constant
(or O(1)), instead of on the orders of the number of users
(or O(N) for N users). Taking a step towards realization of
the green communication system, in this paper we present
GreenMO, which meets all these stringent requirements by
developing a system which utilizes just a single RF front-end
chain (constant O(1) RF front end power consumption), at
the same time supporting data-rate of N users communicat-
ing simultaneously on the entire spectrum concurrently. By
supporting N users, we mean it can enable N non-interfering
channels over the entire spectrum. Furthermore, GreenMO
achieves green communication system, where it can serve N
users on entire spectrum, with just Nx sampling+compute

!mmwave and THz spectrum tend to be not reliable i.e. easily blocked by
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Figure 1: GreenMO puts forward best of both worlds: (a) As power efficient as OFDMA and (b) as spectrum efficient as Massive MIMO

power, which can not be reduced further to avoid info-
theoretic implications. That is we cannot get more data rate
without getting more digital samples processed. Furthermore,
GreenMO is flexible, i.e. with decreasing users the compute
and sampling is reduced proportionally as well, thus main-
taining constant power consumption with decreasing users.

The first key challenge for GreenMO is to achieve (con-
stant O(1) RF front end power consumption) while support-
ing the massive MIMO architecture. The key-insight which
allows GreenMO to come up with a single RF chain design
is the amalgamation of the concepts of OFDMA with that
of massive MIMO. Intuitively, it maps different spatial direc-
tions/users on the spectrum to non-overlapping frequencies
very much like OFDMA. More accurately, GreenMO creates
N virtual RF chains from a single physical RF chain’s sam-
pled at appropriate Nx bandwidth to deliver the spectral
efficiency of massive MIMO (Fig. 1(b)) while enjoying power
benefits of OFDMA’s single physical RF-chain design (Fig.
1(a)). Fundamentally, as shown in Fig. 1(c) if antennas are
receiving a signal of B bandwidth spectrum, GreenMO’s in-
tuition is to fit N antenna signals of B bandwidth each across
the NB sampled single RF chain. It is important to note here
that the over the air spectrum received by the antenna is of
bandwidth B and the net sampled bandwidth is NB. We thus
enable N virtual RF-chain creation by providing N distinct
frequency shifts to each antenna’s RF-signal such that they
occupy different parts of the sampled NB bandwidth.

No we need to figure out how one can provide these N dis-
tinct frequency shifts across N antennas without consuming
O(N) the power to justify our O(1) RF front end power claim.
To do this, GreenMO inspires from backscatter communi-
cation’s RF-switches that create frequency shifts to signals
[18-22], with minimal to no additional power requirements.
Thus with NB sampled bandwidth, we can create N differ-
ent phase frequency shifts of B bandwidth each, such that
each antenna’s signal has a discernable frequency shift. This
enables GreenMO to recover the N antenna signals from the
NB sampled single RF chain, allowing capability to handle
N users with just O(1) RF front end power.

Additionally, this intuitive design choice of employing
RF switches combined with configurable sampling rate to
virtualize the concept of an RF chain, makes GreenMO a
highly flexible architecture. Thus, by varying the sampling
and switching frequencies of the architecture, GreenMO
can increase/decrease the number of RF chains on the fly,
allowing GreenMO to flexibly adjust to the user conditions.
That is, unlike existing Fig. 1(c) solutions if the user load
decreases, GreenMO can automatically reduce the number
of RF chains to flexibly meet the new demands.

So far we have discussed how GreenMO gets one antenna
stream per virtual RF chain. But, with N antennas and N vir-
tual RF chains we can not serve N users in a robust manner.
A naive solution here would be to do N,y > N antennas and
create N,y virtual RF chains, so that we can borrow from
massive MIMO solutions employing this many physical RF
chains, to robustly serve N users. Although this satisfies O(1)
spectrum requirements and nearly O(1) front end consump-
tion, it will have (NyptX) compute+sampling. Here, instead
GreenMO generalizes our virtual RF chains, where a virtual
RF chain can utilize or connect or combine to one or more
antennas. Thus, GreenMO uses the generalized concept to
create only N virtual RF chains to serve N users, but still
continuing to leverage (Napt > N) antennas. Thus achieving
both spatial diversity of (Nant > N) and the compute power
requirements of O(N).

To perform the mapping of antennas to virtual RF chains,
GreenMO designs an algorithm which we refer to as ‘Bina-
rized Analog Beamforming (BABF)’ to enable this virtual hy-
brid beamforming with simple 0—1 RF switches. The key idea
is that, GreenMO uses N,,: antennas per virtual RF chains,
to beamform towards one user per virtual RF chain, instead
of isolating per-antenna signals via the virtual RF chain. In
BABF, we strategically switch the antennas to beamform to
one user per RF chain, instead of one antenna per RF chain.
Thus we show that we can serve N same frequency band
users with Ny, antennas and N virtual RF chains. GreenMO
architecture to do so demands only O(1) spectrum, O(1) RF
front end power and O(N) compute+sampling power, being
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Figure 2: Power and Spectrum efficiency comparison: (a) RF front
end power compared vs spectrum efficiency (b) Compute Power vs
Spectrum Efficiency. Showing how GreenMO is the most optimal.

the first green architecture which can keep up with the power
and spectrum efficiency requirements of the new decade.

Thus, to summarize, GreenMO designs a new beamform-
ing architecture which utilizes a single RF chain to create
many virtual RF chains, and show that this flexible architec-
ture can be green and drastically cut down both on RF front
end power as well as sampling+compute power. We imple-
ment and test our antenna array prototype with WARPv3
SDR and 802.11 OFDM waveforms with 4 users, over multiple
user positions in a conference room setting, as well as digital
beamforming and FDMA baselines. Our key results include
similar performance metrics with digital beamforming with
3% less power requirements, achieving the same network
capacity as compared to FDMA with 4X lesser spectrum
requirements, and > 10 dB improvement in 90 percentile
performance for average SINR across the 4 users over tradi-
tional architectures.

2 Background and Motivation

Recall that our goal is to achieve next-generation green
communications which are spectrum-efficient. The current
gold-standard for spectrum-efficiency communications is
Massive MIMO, and therefore in this section, we would re-
view the state-of-art massive MIMO architectures and put
them in perspective with green communications. The key
idea behind massive MIMO is to use massive number of an-
tennas N,y as compared to the number of users N so to cap-
ture enough degrees of freedom required to create N spatial
streams. In that context, there are two popular multi-antenna
architectures, digital beamforming and hybrid beamform-
ing. To understand how green these architectures are, we
study these in two aspects of power consumption in wireless
transceivers while maintaining spectral efficiency: (1) radio
front-ends and (2) the sampling and compute for decoding.

2.1 Energy Consumption for radio front-ends
Most popular architecture in sub-6 GHz is digital beam-
forming architecture (DBF) [8-13]. DBF basically connects
each of the N, antennas to radio frontend processing chains
(RF chains), which downconvert the signals received by the
antennae and get it ready for digital baseband sampling. The
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Features FDMA DBF HBF GreenMO
Spectrum Req. | O(N) 0(1) 0(1) 0(1)
RFE Pow. 01) | OWNany) | ~ OWNawn) | O(D)
Compute Pow. | O(N) | O(Ngpn;) O(N) O(N)
Sampling Pow. | O(N) | O(Ngans) O(N) O(N)
Flexibility Yes Yes No Yes

Table 1: Comparison of GreenMO with existing techniques

goal of DBF here is to procure the antenna’s degrees of free-
dom at the digital baseband level, where signal processing
can then create N non-interfering spatial streams, one for
each user.

This specific design of RF front end design makes the dig-
ital beamforming inefficient in its power consumption at the
front-end. The reason behind this power inefficiency is that
amongst the various analog components in the RF chain,
the dominant power consuming operation is the downcon-
version of each Ny signals. This downconversion for each
antenna needs high quality LO signal distributed, which is
extremely power hungry and a challenging process. Primary
reason for this is that the quality of LO degrades as you split
the signal power of the LO [9, 23, 24], and therefore the ar-
chitecture needs active low-noise amplification circuits to
distribute the LO. Furthermore, these split LO’s for Massive
MIMO operations need to be phase synchronized with very
low phase noise, which makes the process more power hun-
gry [9, 25]. The end result of this complex LO distribution to
serve N users is that it dominates the power consumption,
making the DBF’s front end design constantly drawing watts
of power for its spectrally efficient operations.

On the otherhand, there are Hybrid beamforming (HBF)
approaches that try to reduce the RF front end power con-
sumption by using analog pre-processing networks which
constructs only N outputs one for each user instead of Ny >
N [14-16, 26-34]. These N outputs are then downconverted
to decode the user data. These analog pre-processing net-
works are typically a network of phase shifters. These phase
shifters are configured such that it projects the N,,: degrees
of freedom available at the RF front end to well conditioned
N degrees of freedom at digital baseband. This analog phase
configuration establishes N spatial streams without requir-
ing downconversion of additional N, — N streams However,
these phase shifters still require N physical RF-chains, so
that the power hungry LO distribution is still existing (albeit
reduced by a factor of N, /N). An additional point to note
is that this analog phase shifting network has very high in-
sertion losses (about 10dB) [9, 17, 27]. These insertion losses
need to be compensated for via increased power consump-
tion from the power-amplifiers. Often this additional power
requirement from the amplifiers offsets the power savings
at the RF front end due to reduction of RF chains from Ny,
to N. Thus making the HBF RF front end almost as power
hungry as DBF as shown in Fig. 2b.
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Thus, we can see that both DBF and HBF consume power
on the order of the number of antennas (O(Nay)). But we
know that, RF front end power consumption is a constant
power requirement just to set up the hardware, and it should
not scale upward with the number of antennas required for
massive MIMO. Thus, true requirements of a green commu-
nications architecture, should be to cut this RF front end
power consumption to the lowest of limits, by making it a
constant (O(1)) instead.

2.2 Energy consumption for sampling and
compute

In addition to the RF front end power consumption of
multi-antenna architectures, it is also important for green
architectures to consider the power consumption for digital
sampling, and the data backhauling+compute power thereoff.
However, unlike RF front end power, this is not a fixed power
consumption cost due to hardware, and depends on the user
load. Thus, the challenge to optimize this power consumption
is different than that of front end. That is for a truly green
architecture we need to flexibly adjust the sampling and the
compute power consumption to always be order of number
of users, O(N).

Unfortunately DBF needs to backhaul and compute N,
antenna streams at the digital signal processor to obtain the
N interference free per-user streams. Thus, this makes DBF
further inefficient, as it deals with compute+sampling of Ny,
streams in addition to exacerbated power requirements al-
ready. On the other hand, the hybrid architectures reduce
the RF-chains fromNy,; to N via analog circuits and feed-
back only N streams to efficiently use sample and compute.
However, HBF today is a fixed architecture which optimizes
compute+sampling only for N users. Since ideally the com-
pute power should scale with N, it can not be optimized for
a fixed number of users. That is, if the number of users in-
crease/decrease, HBF can not arbitarily scale to higher/lower
RF chains required since the architecture relies heavily on
the fixed laid down phase shifter network.

In summary, requirements from a truly green architecture
are two-fold with respect to power consumption: (1) Have
O(1) power consumption at the RF front ends to minimize
the setup power costs and (2) Have O(N) power consumption
for sampling+compute to minimize the running power costs,
flexibly in response to the corresponding N users’ load. In
addition, the green architecture needs to meet (1) and (2)
while maintaining the spectrum efficiency, i.e., all the N
users need to share the same existing spectrum resource.

3 Design

To achieve the two-fold requirements for a green archi-
tecture set in section 2, GreenMO aims to develop next
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generation Base Stations that optimize for both the setup
power costs at the RF front-end and running power costs of
sampling+compute. In this section, we first dive into the idea
of how GreenMO’s architecture drastically cuts down on the
RF front end power costs in section 3.1. Then we show how
GreenMO optimizes the running costs by minimizing the
sampled data, and data backhauling+compute thereof in sec-
tion 3.2. We further ensure that GreenMO’s optimization for
power in both RF front end and data backhauling+compute
does not compromise the spectral efficiency. Finally, we also
show in these sections that the GreenMO’s current design en-
ables it to be flexible and scalable with increasing/decreasing
number of users in the environment.

3.1 GreenMO’s solution to optimize RF front
end power

GreenMO first aims to design an extremely power efficient
RF front end. Power efficiency at the RF front end would im-
ply sever requirements, i.e., we need an architecture that
draws only constant power in the RF front-end irrespective
of the number of users being served by the base station.
The reason for this constant RF front end power consump-
tion requirement, is because this power consumption is a
operational power for the architecture. This power will be
consumed no matter how the user load varies, since it is
associated with just setting up of the physical hardware be-
ing used by the architecture. Thus, GreenMO has to figure
out how to have constant power consumption at the base
station’s RF front end for varying user load.

While the current spectrum efficient systems like Massive
MIMO, are not power efficient as their power consumption is
proportional to the number of RF-chains laid down, which at
best is loosely proportional to the maximum number of users
(N) they intend to serve. So the fixed power these architec-
tures consumed thus is O(N). Typically these architectures
are designed for maximum number of users, Ny, and then
irrespective of the active user load the architecture expe-
riences, the architectures will keep on guzzling O(Ny,4x)
power, thus not being green at all. Thus the key design prin-
ciple which GreenMO overcomes these shortcomings is by
laying just one single physical RF-chain connecting all the
antennas, making the power consumption to O(1), a constant
minimal power consumption.

A natural question at this stage is how does GreenMO
get back the required degrees of freedom if GreenMO uses
multiple antennas connected to a single RF chain? The key
insight that helps GreenMO to overcome this limitation is
by borrowing the frequency division concepts from OFDMA.
TO be more precise, recall that in order to serve N, B band-
width users, OFDMA would widen the sampled bandwidth
to NB and have the N users in N different non-intefering
frequency bands. What if GreenMO could do the same, but
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with antennas instead of users? That is, sample NX more
bandwidth, and try to fit each individual signal of N antennas
into non-interfering frequency bands across the NB sampled
bandwidth.

At first glance, it may seem that we are trading off the
front-end power consumption to the sampling power con-
sumption, by using NB bandwidth to get N antenna signals.
However, this is not the case. The reason is that ADC’s power
scales linearly with frequency[9, 17], with the ADC power
equation being

Papc = FoM X Fg X 29

where FoM is a constant referred to as figure of merit, F; is
sampling frequency and q is the quantization bits used in
ADC. What we are proposing here is to replace the tradi-
tionally used N different ADCs sampling at B each, with a
single ADC sampling at NB. Due to linearity of ADC power
consumption with sampling frequency, power consumption
of NB ADC will be the same as N different B ADCs.

Henceforth, GreenMO’s first design principle is to have
multiple antennas connected to a single ADC, which will be
sampling at NX rate to capture N RF chains abstracted over
the sampled bandwidth. We refer to this concept of creating
RF chains over the ADC’s digitized samples as ‘virtual RF
chain’ creation, since in a way, we virtualize the concept
of emulating many virtual RF chains created from a single
high-speed physical RF chain. What virtualization gives us
is a design which works with just a single downconnversion
chain, which meets the O(1) power requirements. In addition,
we get flexibility on adaptively increasing/decreasing num-
ber of RF chains by just tweaking the ADC’s sampling rate,
leading to a flexible design. A natural question at this point
would be, how does GreenMO actually enable this virtual RF
chain creation? That is, how does GreenMO guarantee that
antennas’ signal can be accomodated across the NB sampled
ADC bandwidth, so that GreenMO can create these virtual
RF chains?

Toy example to show virtual RF chain creation

To explain the concept of virtual RF chain creation, let us
consider a simple toy example, where we have a 2 antenna,
antenna array. As an abstraction, consider first antenna re-
ceives a triangular signal and the second antenna receives a
rectangular pulsed signal, both signals in frequency domain
having bandwidth B. Today’s way of capturing the 2 degrees
of freedom offered by the array by massive MIMO is to have
2 physically laid RF chains, which downconvert and sample
these rectangular and triangular signals directly (Fig. 3(a)).

On the other hand, Fig. 3(b) shows a naive attempt at
replacing multiple RF chains in Fig. 3(a) by virtualizing the
chains over a single physically laid RF chain, however, by
merely increasing the ADC rate. This leads to combining of
the signals from the antennas before getting downconverted
by the RF chain, which gives a raised triangular signal in
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Figure 3: Toy example showing (a) 2 physical RF chains and (b)
a naive approach towards virtualization by increasing merely the
ADC sampling rate

2 RF chains over singly laid RF chain

this scenario. Since the antenna signals have got combined,
3(b) fails to create these 2 virtual RF chains with isolated
triangular and rectangular signals in them. Thus, merely
increasing ADC rate does not by itself create these virtual RF
chains, as by increasing the ADC sampling rate we actually
did not get any new information on how to untangle the
combined antenna signals. This is because there is just noise
and no antenna signals in the additional spectrum captured
by the ADC, when it’s sampling rate is doubled in hopes of
creating 2 virtual RF chains.

The key concept behind GreenMO architecture is to create
useful signal copies in the neighbour bands, instead of just
noise as compared to the naive example considered before.
That is create copies of useful signal in the additionally sam-
pled bands, so that when ADC sampling rate increases to
accomodate virtual RF chains, it gets the capability to un-
tangle the combined antenna signals to successfully create
the virtual RF chains. To create these signal copies, we need
to somehow shift the antenna signals to neighbour bands,
before the signals get downconverted through the RF chain.
Additionally, we also need to create these signal copies in
a low-power fashion to stay true to the requirements of a
power-efficient architecture.

To do that, GreenMO’s insight here is to augment the an-
tenna array with RF switches (Fig. 4) toggling with on-off
codes having time period, equal to signal bandwidth to per-
form this frequency shifting. Similar toggling RF switches
have also been used for backscatter communications [18—
22], which also demand low-power operation. These RF
switches in backscatter applications create frequency shifts
in reflected signal to avoid interference with line of sight sig-
nal. Similarly, GreenMO uses these low-power RF switches
to create frequency shifts of the RF signals before they get
downconverted. Now that we have these frequency shifts of
the antenna signals, the higher sampling rate ADC will be
useful as it will capture different frequency shifted antenna
signals instead of just neighbour band noise.

So, in order to create these virtual RF chains over a singly
laid physical RF chain, GreenMO uses strategic toggling of
the RF switches, combined with ADCs increased sampling
rate. To understand this strategic toggling logic, without loss
of generality let us revisit the aforementioned toy example of
2 virtual RF chains and it can easily be extended to creation of
N RF chains that is discussed later. So, for the 2 antenna toy

Sampling 2x faster doesn't help virtualize
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Figure 4: Toy example demonstrating GreenMO’s approach to create
virtual RF chain from one physically laid chain

example, when GreenMO wants to create 2 virtual RF chains,
the ADCs would be sampling at 2B, where B is the signal
bandwidth, to accommodate the 2 signals from each RF chain.
Thus, a single ADC sample will occupy total time of ﬁ, and
in order to shift the signals by frequency B, the switching
code has to repeat every 2 ADC samples. This presents us two
possible codes 0,1,0,1,0,1,...and 1,0,1,0,1,0,.... When
we supply these codes to one of the 2 antennas, we have
one antenna being toggled on for odd samples, and the other
antenna toggled on for even samples.

This strategic toggling actually creates sum of the 2 an-
tenna signals in the first Nyquist band ((-B/2) < f < (B/2))
and difference of the 2 antenna signals in the second band
((-B) < f < (-B/2) and (B/2) < f < (B)), as shown in Fig.
4. The reason is that 0,1,0,1,0,1,... and 1,0,1,0,1,0, ...
are basically 7 shifted versions of the same frequency codes,
and hence the frequency shifted copies they create will re-
flect this 7 shift, leading to creation of subtracted signals in
second band. Fundamentally, this then allows us to separate
the per-antenna signals by simple signal processing, first add
the signals extracted from each Nyquist band and then take
the difference as illustrated in Fig. 4. Thus GreenMO creates
these virtual RF chains with a single physically laid RF chain
and strategically toggles the multiple switches connected to
the multiple antennas to serve multiple users in a low-power
and spectrum efficient fashion.

To further provide some mathematical intuition on why
this effect happens, say the antenna signals were s;(t), s2(%),
these signals are B bandwidth. The codes ¢; = 0,1,0,1,...
c; = 1,0,1,0,... are basically 50% duty cycled codes with
frequency B, and RF switches implement these codes in RF
domain before downconversion and ADC sampling. Thus,
the ADC finally samples the waveform s;(¢)c1(t) + s2(t)ca(2),
at 2B. In addition to a constant DC component, these switches
also produce harmonics at +B. Since the codes have a fre-
quency B, thus time period %, and the associated time delay
between ¢y, ¢y is 0.5(%), thus the phase associated with this
time delay would be (ZT”)O.S(%) =T

Thus, as shown in I{‘Sig. 4 the frequency domain view of
the signal sampled by ADC, would have a summed up signal
(0.5 * (s1(2) + s2(1))) in the first Nyquist band, (—% <f< g)
and a differential signal (0.5 * (s1(#) — s2(¢))) in the second
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Nyquist band, ((-B < f < —%) U (% < f < B)). A simple
digital processing step can now get us back s;,s; by sim-
ply adding the subtracting these signals in the two Nyquist
bands.

Hence, GreenMO utilizes RF switches with different phase
codes, coupled with an increased sampling rate ADC in or-
der to virtualize the RF chains. This design effectively mar-
ries OFDMA to massive MIMO, we end up using more sam-
pling bandwidth to create virtual RF chains over frequency,
which allows GreenMO to be as spectrum efficient as massive
MIMO and as power efficient as OFDMA.

Generalization to N antennas:

The method of obtaining these virtual RF chains from a sin-
gle physically laid chain can be easily generalized when
we have N antennas with N RF switches and an ADC
which is doing N * B times sampling where B is the sig-
nal bandwidth. In this generalized scenario, we will now
have N codes ¢y, ¢, . . . ¢, which will be codes of length N
with ¢; = 1,0,0,...,0,0, ¢, = 0,1,0,...,0,0, ..., cN—1 =
0,0,0,...,1,0 and ¢y = 0,0,0,...,0,1. Since these codes
are 1/N duty cycled they will have frequency images at every
integral multiple of B and thus total N images at frequencies
fttshift(0, B, 2B, . . . (N — 1)B). In addition to these frequency

(-1

images, each code c; is delayed by NE and thus the j-th har-

monic of ¢; will have a phase of % * ZIZ =(i—1)xjx* ZW” We
can then implement a similar signal ;;rocessing algorithms
as the 2-antenna toy example to extract each individual an-
tenna’s user signal.

The reason this generalization works out is because all
these are different series of roots of unity, and by doing phase
inversion one set of the roots become all co-phased and thus
their virtual RF chain component adds up, and the other sets
of roots still remain phase shifted versions of their previous
versions and add up to 0, which allows GreenMO to extract
the RF chain per antenna from the increased sample rate
ADC stream. A more formal mathematical formulation of
the N antenna generalization can be found in Appendix 8.1.
Using virtual RF chains for spatial-multiplexing;:
Once we are able to obtain the per-antenna waveforms S =
[s1(t),s2(2), - ,sn(t)]T, the process to obtain the spatially
multiplexed output is straightforward and follows the same
method as compared to usual way with physically laid RF
chains. In the scenario when we have N antennas and N RF
chains, and say we have N users, we can perform MIMO
channel estimation with the N virtual RF chains to get the
N X N channel matrix for all N users and N antennas.

Now, we can choose any precoding strategy to suppress
the signals from other users to get individual streams for each
of the N users. For example if we use a simple ZF precoding
would multiply the N X N matrix H™! to the obtained vir-
tual RF chain matrix S to get individual interference free N;
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samples of each N-th users data, stored in the N X N matrix
U = H™!S. We choose to implement only the linear precod-
ing schemes, like MMSE, BD or ZF, since these schemes,
in particular, ZF have been experimentally verified to meet
the system capacities [8], while the non-linear precoding
methods like THP are still under theoretical research.
Thus, by using just 1 physically laid RF chain, GreenMO
creates N virtual RF chains with N antennas and N RF
switches, while only O(1) RF front end power consumption.

3.2 GreenMO’s solution to optimize
sampling+compute power

Now that we have seen how GreenMO designs to optimize
for the power consumption on the RF front end to be limited
to O(1) in section 3.1. Let us now dive into understanding on
how should GreenMO’s architecture be designed so as to han-
dle the N antenna’s sampled data that needs to backhauled
and computed, which adds additional power constraints on
the base station.

A key thing to note is that so far in section 3.1, we have
assumed that the N users interfering can be resolved by the
degrees of freedom provided by the N antennas connected to
these N virtual RF chains. Unfortunately, in practical scenar-
ios, it is infeasible to serve N users interfering with just N
antennas. The reason is that the channel matrix H often ends
up being non-invertible and ill-conditioned to support N spa-
tial stream generation [28, 30, 35]. Today’s massive MIMO
architectures, both digital beamforming and hybrid beam-
forming, use N, > N antennas in order to serve N users in
a robust manner. The reasoning behind the N,,: > N anten-
nas requirement is to capture more than enough degrees of
freedom to allow creation of robust N spatial streams, one
for each user.

However, to optimize for sampling+compute power it is
required to have only N data streams to serve N users and
at the same time use N,y antennas. Thus, in order to op-
timize for sampling power GreenMO can create N virtual
RF chains connected to Nyt antennas, by utilizing N times
oversampling ADC. However, using N virtual RF chains for
handling Nant antennas does not allow for separate virtual
RF chain per antenna as assumed in the previous sections.
So a natural question is, how does GreenMOQO’s techniques
scale to larger number of antennas than number of virtual
RF chains, and how does GreenMO still tap into the N,
degrees of freedom with just N virtual RF chains?

The key advantage of GreenMO architecture which allows
to effectively use Nay: antennas’ degrees of freedom is that
virtual RF chains do not split up antenna array amongst
themselves. Traditional beamformers which connect Ny
antennas with Nan analog circuit elements, to N physical
RF chains, end up dividing the Nan: antenna array between
the N RF chains. For example, say we have 8 antennas and
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4 physical RF chains, we would get only 2 antennas per
physical RF chain. However, virtual RF chains are just an
abstraction over the single physically laid RF chain. In reality,
all the 8 antennas here are simultaneously connected to the
single physical RF chain, and thus the entire array is available
to each of the virtual RF chain.

But how does GreenMO use these degrees of freedom to
optimize for sampling+compute power? The insight here
is to configure the antenna array differently for different
virtual RF chain. The idea is that we can dedicate one virtual
RF chain to just try and maximise the signal power for one
user, and not worry about the interference suppression in
the process. This is because the interference suppression can
be taken care of via the digital precoding methods.

Put simply, we try and increase the signal power for user
i in the i-th virtual RF chain. In order to do so, we would
determine the maximal group of antennas in-phase for user
i, and turn these antennas on for that virtual RF chain i. We
name this algorithm to select the maximal in-phase antennas
as BABF(-) (Algorithm 1), where BABF stands for Binarized
Analog Beamforming. Essentially, for each virtual RF chain
we try to beamform towards individual users using the 0 — 1
bit control we have over the switched antenna array.

That is, with the BABF algorithm we get a switching ma-
trix B, where B is Nant X N, which increases signal power of
user i in the i-th virtual RF chain, by turning Na,; antennas
on-off strategically. In order to prioritize 1 user per virtual RF
chain, BABF ends up projecting the N X Nap; channel matrix
H, to an equivalent N X N channel matrix HB. By prioritizing
signal power for one user per virtual RF chain, we make HB
as close to identity matrix as possible, by increasing the diag-
onal entries power (diagonal entries correspond to channel
powers for user i for i-th virtual RF chain)

In summary, GreenMO’s virtual architecture can also hy-
bridize to support more number of antennas than virtual RF
chains similar to the hybrid beamforming counterparts us-
ing analog circuits to connect more antennas to less number
of physical RF chains. This allows GreenMO to effectively
project the N,,; degrees of freedom to N streams, which
optimizes for sampling+compute power, maintaining O(n)
power consumption rate for the sampling+compute power.

Thus, utilizing the virtual RF chains generated by
GreenMO’s design, a base station can ideally only consume
the minimal of the power required in terms of RF front
end (O(1)) and sampling+compute power (O(N)). Finally,
GreenMO achieves this power optimization while maintain-
ing the same signal spectrum of B and same data rates for
the N users, by intuitive switching and NB sampling band-
width. Additionally, this virtualization architecture of the
RF-chains at the base stations provides them with the flexi-
bility to handle increasing/decreasing user loads and always
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Figure 5: Hardware implementation of GreenMO

maintain the power consumption minimal. Thus achieving
all the goals of a green communication architecture.

4 Implementation

We implement the GreenMO architecture on a custom
multi-layer PCB prototype fabricated using Rogers substrate
(as shown in Fig. 5). On the top-layer of the PCB, we design
interfaces to utilize COTS antennas via SMA connectors,
which are then connected to RF switches, and the output
from 8 of these switched antennas is then combined with
a wilkinson combiner network matched at the operating
frequency for 2.4 GHz. On the bottom layer of the PCB, we
have a CMOD-A7 FPGA used to clock the RF switches with
appropriate switching sequences required to implement the
switching matrix B. The FPGA is connected to a PC via a
micro USB cable and allows us to program the RF switches
to toggle in different configurations.

To implement this switching sequence correctly in hard-
ware, we need to select RF switches with tON/tOFF below
25 ns, since otherwise the switches would be too slow to
respond to the clocking input. For this we select the commer-
cially avaialble switches HMC197BE[36] which have tRISE
=3 ns, and tON = 10 ns, suitable for our application. These
switches have very minimal 0.5 dB insertion loss, and the
overall insertion loss from the transmission lines in the PCB
amount to about 3 dB. This is 10 dB lower than the current
hybrid beamforming approach for sub-6 networks [27].

We utilize WARPv3 as the SDR for our implementation
of an uplink receiver. The sampling clock for WARPv3 is 40
MHz, thus a sampling time period of 25 ns. Coming to the first
design principle of GreenMO, which is to switch antennas on-
off in order to create the time interleaved virtual RF chains,
we need to switch the antennas on-off in a way that this
switching is synchronised with the sampling instants of the
SDR. WARPv3 exposes it’s sampling clock using the CM-
MMCX module, which is then fed to the FPGA, and the FPGA
utilizes this sampling clock to then derive the switching
frequencies.

CMOD A7 FPGA attatched
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Since we create K = 4 virtual RF chains by our switching,
in order to support K = 4 users, we fix the bandwidth of
transmitters to be 10 MHz. These 10 MHz transmitters are im-
plemented on different SBX daughterboards on USRP. Note
that this choice of transmit bandwidth is constraint because
of our choice of receiver SDR, as with WARPv3 we can not do
more than 40 MHz sampling (since the MAX2829 IC used in
WARP has a maximum RF bandwidth of 40 MHz). The trans-
mitting USRPs and the receiving WARP are not synchronized
and share a different clock altogether. We have observed that
the CFO introduced as a consequence of unsynch TX-RX
doesnt play any role in GreenMO’s performance, as essen-
tially GreenMO utilizes a spatial operation, and because of
CFO we have some constant phase offsets across the virtual
RF chains which are naturally compensated during channel
estimation.

Finally, to implement the required digital signal process-
ing, we utilize the WARPLab codes in MATLAB to utilize
802.11 compliant OFDM waveform with 64 subcarriers (48
data, 4 pilots and 12 null subcarriers), with the required
tweaks to create and utilize these time interleaved RF chains.
The channel estimation is done by having the users transmit
LTS’s separately from each other, and after the last user’s
LTS is finished the common data transmission mode starts.
Using the estimated channels from the LTS preamble, we cal-
culate the best switching matrix,B based on BABF algorithm,
and configure the CMOD FPGA via UART communication
to implement the switching sequences corresponding to B
and then collect the received samples having the equivalent
channel of HB.

For the experiments we set the transmit power such that
we have SNR of about 17-20 dB, and utilize QAM-16 constel-
lation with 0.5 rate convolutional channel code. This choice
of SNRs is consistent with the recent works on MIMO sys-
tems [8]. This constellation was tested to work reliably for
these SNRs, given the phase noise of our implementation
with users on an USRP and AP being WARPv3.

5 Evaluations

GreenMO creates the first multi-antenna architecture
which has the capability of handling multi-user transmis-
sions while optimizing both the RF front end power con-
sumption, as well as sampling+compute power efficiency. In
this section, we evaluate GreenMO to justify each of these
claims.
5.1 Evaluation Setting:
We evaluate the power consumption, SINR, system capacity,
Goodput and Energy per joule performance for 2,3,4 users at
various positions in a conference room setting (Fig. 6a), to
capture the overall performance trends in the experimental
setting considered. The room which we choose has rough
dimensions of 12m*5m, and is populated with objects like
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urations where we test GreenMO and baselines, (c) shows the power consumption metrics of our setup
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tables, chairs, whiteboard and TV screens, which make the
setting rich with scattering effects. We implement 5 different
test configurations and baselines: 4 antenna GreenMO, 4
antenna DBF, 8 antenna GreenMO, 8 antenna DBF (Trace
level) and Interference free FDMA oracle.
5.2 RFE and Sampling power consumption: WARPv3’s
RF transceiver MAX2829 [37], performs the downconversion
and filtering. From the datasheet, we can see that 4 antenna
DBF would require RFE power of 1632 mW (4x408 mW)
power when operating in synchronous MIMO mode, while
only 354 mW for GreenMO operating by itself, as is the case
with GreenMO and interference-free oracle which employs
FDMA. Finally, GreenMO uses a network of switches for cre-
ating per-antenna spectrum variations leading to virtual RF
chain creation; This has near negligible power consumption,
similar to how these switches being used for backscatter
communications which exploit this near negligible power
for battery-less operation. The HMC197BE switches used
in GreenMO design require just 0.001 mW of static power,
and even including the active power they draw from the
MH?z clock sources, it is fairly less than 1 mW. Hence total
RFE power consumption for 8 antenna GreenMO is approx-
imately 354+8 = 362 mW (assuming 1mW per switch), for
FDMA it is 354 mW and for DBF it is 1632 mW.

ADC power varies linearly with the sampling frequency
[17], which is true for the AD9963 ADC used for WARP, as

evident from the datasheet [38]. Thus, the power consump-
tion of 4 ADCs is same to that of one ADC with 4x higher
sampling. From the datasheets of AD9963, we have power
consumption as 400 mW for 40 MHz sampling operation
used for GreenMO and FDMA, whereas 4 physical RF chains
with 10 MHz would use 4*100 = 400 mW as well. Thus for
all the three confiurations, the sampling power would be
400mW.

Therefore, total power consumption of GreenMO is
762 mW (354+400+8 mW) which is 3x lower than MIMO
(1632+400 = 2032 MW), and almost the same as single an-
tenna FDMA oracle, which would be 754 mW (354+400mW).

Fig. 6¢ shows the power consumption metrics for each of

the strategy. As seen clearly, it is not the sampling power
which dominates the power consumption, but the power
consumed in the front end by these multiple RF chains.
5.3 SINR performance comparison of 4 antenna
GreenMO with DBF: GreenMO is the first work to use
virtual RF chains. Hence, it is important to show the per-
formance comparison with physical RF chains. We do so by
creating a faithful test setup to compare virtual RF chains
with physical RF chains (Fig. 7a). Basically we use exter-
nal switches to have the same antennas connected to either
4 physical RF chains directly, or 4 virtual RF chains via RF
switched array. Thus, we can compare the 2 approaches faith-
fully, as both of them capture the samples from the same
antennas.

The SINR performance of both the methods indeed turn
out to be very similar (Fig. 7b). For these CDFs, we collect
30 packets at each of the 10 locations of 4 users in the
conference room, which gives 300 sample SINRs these plots.
We can clearly see the performance for both the methods
to be very similar (within + 0.5 dB for median error). Thus
4 virtual RF chains, with total power consumption as 762
mW provides same SINR metrics as 4 physical RF chains,
with total power consumption 2032 mW, which is 3x more
than GreenMO. However, as the number of users increase
from 2 to 4, the performance of both the two approaches
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deteriorate, and with 4 users, for almost 40% of the packets,
the SINR is lesser than 10 dB (Fig. 7b).

5.4 Optimizing sampling+compute power by serving 4
users reliably with 4 virtual RF chains: In order to im-
prove the performance as number of users N approach num-
ber of virtual RF chains N, we increase the antennas and use
our BABF algorithm to prioritize 1 user per RF chain.

For this experiment, we use the GreenMO PCB which has
the capability to utilize 8 switched antennas, and create 4
virtual RF chains from the combined 8 antenna output. We
can electronically turn off antennas in our PCB to simultane-
ously collect data from 4, as well as 6 antenna configurations
to understand the effect of increasing number of antennas on
the system metrics. The SINR and goodput results are shown
in Fig. 8a. As we increase the antennas to 8, the SINR shows
an immense jump and always exceeds 10 dB, close to what
is expected from a robust multi-user transmission scheme.
We observe more than 10 dB increase in the 90-th percentile
SINR, as compared to 4 antenna digital beamformer imple-
mented using WARP’s physical RF chains.

Unlike GreenMO, digital beamforming approaches utilize
a naive way of improving performance for 4 users, which is
to add more RF chains to sample from more antennas. Since
WARPv3 has support only for 4 physical RF chains, we do a
trace level comparison to 6, 8 RF chain DBF by collecting 4
antennas channels at a time and then synchronizing them
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in post-processing. We observe that GreenMO even outper-
forms a 6 antenna digital beamformer (Fig. 8b), and comes
~ 3 dB close to 8 antenna digital beamformer at median
performachainsnce, all the while having at least 4x lower
power consumption.

5.5 Comparison with interference-free oracle: For the
FDMA oracle, the users occupy 4 different 10 MHz bands, and
the WARP would sample this aggregate 40 MHz bandwidth
in order to serve these 4 non-interfering users. In contrast,
for GreenMO, the 4 users occupy the same 10 MHz band, and
the WARP receiver samples a higher sampling bandwidth 40
MHz, in order to create the 4 virtual RF chains required to
multiplex the 4 users signals. Thus in order to be spectrum-
efficient, GreenMO has to cancel the in-band interference
in the occupied 10 MHz bandwidth Even with added task of
interference cancellation, we see that with more number of
antennas (8) than number of users (4), we get system capacity
on on par with FDMA oracle (Fig. 8c).

5.6 Energy efficiency metrics (bits per joules): Finally,
we revisit the power calculations briefly in the context of our
goodput results. As seen in Fig. 8d, we can get goodput close
to interference-free oracle levels using GreenMO architec-
ture with 8 antennas. This result can also be viewed in the
lens of bits per joules (Fig. 9a) by seeing how much power got
expended in the process. As the number of RF chains increase
from 2 to 4, we see constant O(1) 354 mW RF front end (RFE)
power demand for GreenMO, as explained in Section 5.2.
The ADC power requirements are 100mW per 10 MHz data
sampled and that increases as O(N) with users. On the other
end, for digital beamforming, RFE power scales linearly with
N, given by 408 = N, since the WARPv3 MAX2829 IC uses
408 mW per RF chain in MIMO mode. Hence, we get energy
consumption trends as shown in Fig. 9b. This explains the
energy per joule Fig. 9a, more particularly, the dip for DBF
at 4 user operation. This is because, the DBF goodput shows
a downward trend for 4 users, whereas power has kept on
increasing linearly, which further exacerbates the energy
efficiency between DBF and GreenMO.

5.7 Ablation studies:
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Figure 10: Ablation studies to adjudge GreenMO’s performance (a)-(c), and a large scale simulation result (d)

First, to evaluate the effectiveness of BABF, we choose 100
random choices of B, and collect 10 packets with each choice,
and repeat the same with 100 packets collected by choosing B
via BABF algorithm which chooses in-phase switches for one
user per virtual RF chain. We plot the CDF in Fig. 10a, and
observe that BABF B matrix always outperforms a randomly
chosen B.

Second, to show robustness against unsynchronized users,
we first synchronize the users to each other by utilizing same
reference clock and start time, and thus all the transmitters
have same CFO and tightly synchronized sampling times.
Then, we repeat the experiment by having unsynchronized
usees, suchthat each user has a different clock, leading to
different CFOs for each user. As clearly seen from Fig. 10b,
we get almost the same performance when the transmitters
are synchronised with each other as compared to when they
are unsynchronized.

Third, the interference cancellation performance also de-
pends on the accuracy of channel estimates procured. We
can always average the channel across multiple LTS’s to get
a higher channel estimation accuracy. Thus, we repeat the
experiment with more number of LTS’s than the prescribed
2 LTS’s as per 802.11 protocol, and observe that we get only
about 1.5 dB difference in median performance as the num-
ber of LTS’s increase to 10, which shows that GreenMQO'’s
algorithms can work without imposing a high cost of channel
estimation latency.

6 Discussion and Future Work

Scaling to higher number of antennas and users: Al-
though our hardware experiments are limited to handling
4 users, partly because of our evaluation platform WARPv3
which supports only 40 MHz sampling and also partly be-
cause the RF switch we use has about ~ 3ns rise time and
~ 10ns on time, so we can not handle faster bandwidth
switching than 50 MHz. However, the techniques introduced
in this paper are fairly general and can be implemented for
higher number of antennas and more number of users.

To motivate this, we perform simulations by placing users
in similar environments to our evaluation setting, and model
the wireless channel via ray-tracing. The users transmit sim-
ilar OFDM signals to our evaluation setting as well, and the
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channels are applied to the OFDM waveform by calculating
the distances from the environment scaterrors and applying
appropriate time delays+amplitude weights in the received
OFDM signal. All the receieve processing uses the identical
codes used for hardware evaluations. Hence, this simulation
framework gives results which by and large follow the trends
expected from experimental evaluations.

Fig. 10d shows simulation results and comparison for 64
antennas usecase to serve 8 users. This is considered a stan-
dard baseline with multi-user Dense deployments, which
on an average require serving 8 streams concurrently [9].
GreenMO uses 64 antennas and creates 8 virtual RF chains to
serve the 8 users, and almost always obtains >10dB SINR. We
can see even in simulations serving 8 users with 8 RF chain
digital beamforming is infeasible. We also show comparisons
with ideal partially and fully connected hybrid beamformers
with 8 physical RF chains. Our simulations assume perfect
phase quantization, and still GreenMO outperforms partially
connected beamformers. The reason is that unlike partially
connected beamformers GreenMO does not split the antenna
array between the physical RF chains, since all the antennas
are by default connected to the virtual RF chains.

GreenMO'’s performance comes about 5dB close on an

average, to the full 64 chain DBF and fully connected HB,
even though using at least 64x lower power and 64x lower
circuit elements.
Scaling to wider bandwidths: In this paper, we have evalu-
ated GreenMO for a maximum of 4 users having a bandwidth
of 10 MHz. However, GreenMO architecture can easily scale
to wider-bandwidth. The two key component of GreenMO ar-
chitecture are switches and ADCs. There are easily available
ADCs now capable of 1 GHz sampling bandwidth [39, 40],
which can easily support 50 virtual chain at 20 MHz sam-
pling, typical bandwidth for most sub-6 GHz communication.
The improvement in ADC technology is to enable mmWave
frequencies, which is rarely deployed. Today, more than 95%
devices operate in sub-6 band [41], and GreenMO architec-
ture gives an application where these ADCs can be devel-
oped to serve more users in sub-6 and alleviate the spectrum
crunch we have today with sub-6 devices.

Next, the needs for fast switches, as GreenMO has these
switches at the heart of the architecture. Photonic RF
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switches under development in research labs offer pico-
second rise time[42-44], alongwith a few commercially avail-
able switches offering sub-ns rise times[45], easily can enable
1 GHz switching speed. GreenMO’s architecture can lead to
these switches being common in the circuits marketplace.
Thus, integration with high sample rate ADCs and pico-
second fast RF switches would form a future direction for
GreenMO architecture

Augmenting GreenMO with RF filters: Due to the fre-
quency shifts created by the RF switches, if there are co-
existing neighbouring band transmissions, these will also
get frequency shifted and fall into the spectrum band of in-
terest. Thus, in addition to RF switches, GreenMO design
also required RF filters which would clean up the sampled
spectrum before the switching. There are WiFi channel filters
[46, 47] available which can satisfy the requirements posed
by GreenMO architecture to clean up the sampled spectrum,
and we will be augmenting our PCB prototype with these
filters as an imemdiate next step.

7 Related Works

GreenMO presents a spectrum efficient, power-efficient
and flexible multi-user communication architecture using a
single physical RF chain. We have already discussed compar-
isons of GreenMO with Hybrid and Digital beamformers in
Section 2. In this section we will compare to new upcoming
architectures and past theory work.

Hence, previously proposed MIMO interfaces which uti-
lize just a single RF chain [48-50] form the closest of past
work related to GreenMO. These set of works also utilize a
higher IF bandwidth than the users’ transmitted bandwidth.
However, instead of combining over time and enabling cre-
ation of virtual digital RF chains, these works implement
analog beamforming and utilize the higher bandwidth only
to multiplex the outputs from these analog beamforming
blocks. Put more simply, these works either use IF bandwidth
code domain [48, 49] or different freq. bands in the higher IF
bandwidth [50] to multiplex the outputs from a prior analog
beamforming front-end. The challenge with these works is
that the analog beamforming component also needs to do
beam-nulling, which is not very robust to wideband oper-
ation and phase shifter inaccuracies [51]. In contrast, for
GreenMO architecture, the final interference cancellation
block in GreenMO is fully digital and hence GreenMO can
do wideband digital combining, as well as phase combining
with arbitrary accuracy, which makes it stand out of the prior
art on single-wire MIMO interfaces.

There are also a parallel set of works which explore para-
sitic antenna arrays to create artificial temporal changes in
the channel [52-59], as well as a body of works on Time Mod-
ulated Antenna Arrays (TMAA) [60-71]. Both these body
of works propose something on the lines of GreenMO; The
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first body of works switching impedences of the parasitic
antenna array, and the second set of works modulate the
antenna array with fast toggling RF switches. Both of them
are similar to how GreenMO creates the frequency shifts
using the RF switches. However, most of the prior effort
is leveraging time-diversity to improve the diversity gains
or throughput of single user instead of facilitating multi-
user. Also, the experimental evaluations have not considered
OFDM, or even higher constellation like QAM16 on narrow-
band systems with these methods. For switching impedances
of the parasitic array, there are known issues on the tech-
nique not scaling well with number of antennas [58], and
requires precision control over antenna impedance to gen-
erate the required orthogonal beams [57]. The most notable
of the TMAA set of works utilize a 4 antenna array and a 50
MHz switching speed to allow for increased diversity gains
while decoding with a single RF chain [61-63, 65, 71]. How-
ever, this has only be demonstrations are again limited to
single user. Even for single user, there is no practical imple-
mentation extending these ideas to OFDM. and thus to the
best of our knowledge, GreenMO remains the first practical
demonstration of a RF switch based antenna array utilizing
high switching rate and OFDM transmissions supporting
multi-users and higher order constellations like QAM-16.

Some papers have proposed to extend antenna arrays
by means of stitching sub-arrays together via RF switches;
mainly to improve spatial localization accuracy or bring
in additional antenna selection gains to communications
[72, 73]. However, these works use static switches, whereas
in GreenMO switches are actively switching at baseband
frequencies and the effect created by this fast switching is
very different. There are other papers which target the up-
link MIMO problem as well, with some of them requiring
coordination from the users to do interference alignment
[74, 75], set random delays in transmissions to break channel
correlations [76], or utilize distributed APs to serve multiple
users [77]. Also, there are papers on selecting group of users
which can be served efficiently with standard mu-MIMO
architectures employing M = K, which require a strate-
gic scheduler to manage the multi-user network [78-80].
However, in contrast, GreenMO utilizes just a single AP and
demands no special coordination from the clients, and hence
the clients by default are COTS compliant. Further, we make
the multiplexing gains robust for any set of user groupings,
by utilizing M > K antennas however still utilizing similar
sampling costs.
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8 Appendix

8.1 Generalized N antenna RF virtual chains
Let us consider that the ADC is sampling at NB, and
thus we will have N B bandwidth zones obtained from the
ADC sampled stream R, denoted by RB, RJZB, .. .Rg = RB,
with RB being a N x N, matrix which stores the Ny samples
correpsonding to each of the N-th B bandwidth zone, and
we can obtain our virtualized RF chains S1,S5,,...Sy =S, S
being N X N as well, via phase inversion of the N X N phase
matrix P corresponding to the j-th harmonic phase of ¢;:

S =(e"")+R (1)
where e(") applies the exponential function to each element
of the matrix. The matrix P in detail looks like this:

B 2B (N-1)B
0 0 0 0 ¢
2 4 2(N-1)m
U iy ~ |«
P= - - -
0 27(i—1) 47(i—1) 2AN-1)(i-1)7 )
v N - — x| ¢
0 271'&].\[.—1) 4JT£I.\T.—1) 2(N—1.).(:N—1)7r
N N N Cn
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8.2 Algorithm to choose maximal set of
antennas in-phase

This BABF algorithm chosen B creates a projected channel
HB such that the remaining interference terms in HB can
be handled easily by digital combining by be inverting this
effective channel matrix via ZF approach as, U = (HB)™'S.

Algorithm 1 BABF, Input: H, Output: B

1: ¢=ﬂ/3;

2: for 1<i<Kdo

3 for 1<m<Mdo

4: bi,m = [0,0,...,0]1><M;

5 gi,m = Hih?,m;

6 Oi,m:Agi’m;

7 bi,m(m)zlei,ml < %Q

8: score;, ,, = Number of elements equal to 1 in l;i’m;
9 end for

10: end for

11: B := Set of all possible permutations of score; ,,1 < i <
K.1<m<M

12: [ = 1;

13: Select score* € B that provides the I highest score;

14: B = B” (corresponding to score™);

15: if HB is full rank then

16: B is the optimal switch configuration;

17: else

18 I=1+1;

19:  Go to line 13;

20: end if
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