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ABSTRACT

In the last decade, the bandwidth expansion and MIMO spatial
multiplexing have promised to increase data throughput by orders
of magnitude. However, we are yet to enjoy such improvement
in real-world environments, as they lack rich scattering and pre-
clude effective MIMO spatial multiplexing. In this paper, we present
ScatterMIMO, which uses smart surface to increase the scattering
in the environment, to provide MIMO spatial multiplexing gain.
Specifically, smart surface pairs up with a wireless transmitter de-
vice say an active AP and re-radiates the same amount of power
as any active access point (AP), thereby creating virtual passive
APs. ScatterMIMO avoids the synchronization, interference, and
power requirements of conventional distributed MIMO systems
by leveraging virtual passive APs, allowing its smart surface to
provide spatial multiplexing gain, which can be deployed at a very
low cost. We show that with optimal placement, these virtual APs
can provide signals to their clients with power comparable to real
active APs, and can increase the coverage of an AP. Furthermore,
we design algorithms to optimize ScatterMIMO’s smart surface for
each client with minimal measurement overhead and to overcome
random per-packet phase offsets during the measurement. Our
evaluations show that with commercial off-the-shelf MIMO WiFi
(11ac) AP and unmodified clients, ScatterMIMO provides a median
throughput improvement of 2 X over the active AP alone.
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1 INTRODUCTION

MIMO has been the core technology for multi-Gbps wireless con-
nectivity for the last two decades. The 802.11ac standard released
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Figure 1: ScatterMIMO creating virtual AP for MIMO streams, via
phase-shifted reflection and its optimization algorithms.

in 2011 already promises a peak data rate of 4.33 Gbps with 4 x 4
MIMO!, sufficient for even high-quality wireless VR [34, 39]. How-
ever, 8 years down the line, we rarely see any Wi-Fi connection
achieving this performance. Even with densely deployed Wi-Fi APs,
we still suffer from poor throughput while being well within the cov-
erage area. The primary reason is the lack of multiple strong paths
in the environment. Typically a client observes a single dominant
path, while the other paths are 10 — 20 dB weaker. As a consequence,
the MIMO spatial diversity gain is lower, which in turn reduces the
throughput. This problem is evident in the literature and has been
approached extensively [13, 17, 23, 24, 36, 44, 52-54].

A large body of literature considers either multiple active APs or
relays to enrich spatial diversity [13, 21, 23]. For instance, MegaMIMO
[23] creates multiple independent spatial streams at the client by
sharing the transmitted data and coordinating transmissions from
multiple APs. However, it requires wireless carrier-level synchro-
nization between multiple active APs which is shown to be chal-
lenging to achieve [23]. Furthermore, a recent full-duplex active
relaying approach achieves additional spatial streams without the
need for sharing the transmitted data [13], but needs to be wall-
powered. On the other hand, novel passive approaches have been
proposed to improve the throughput [14, 30, 55], however, they fall
short of providing improvements as compared to active approaches.
For example, a recent work [30] improves throughput by a fraction
(20%) and is limited to a short range (8 meters).

In this paper we present ScatterMIMO, a passive smart surface
that pairs up with a real active AP, creates a virtual AP by reflect-
ing its signal in a controlled and optimized manner, and can even
generate additional MIMO streams to double the throughput, as
shown in Figure 1. ScatterMIMO works by creating a controlled and
directional reflected path for each client, while making it as strong
as the direct path signal. In other words, the signal reflected by
smart surface has comparable power as the signal originating from
the active AP, as if there were an active virtual AP placed and not a
passive surface. ScatterMIMO achieves virtual AP by backscattering
the AP’s signal with multiple antennas inspired by [13, 19, 30], and
ensures the constructive combination of the reflected signals at the
client’s location. To do so, each of its antennas applies an extra

15-GHz channels with 1024-QAM (MCS 11) and 160 MHz bandwidth, as supported by
chip vendors such as Quantenna [40].
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delay (i.e. phase shift) with a programmable phase-shifting circuit,
to match the reflected phase at the client’s location. ScatterMIMO’s
passive design makes it simple, low-cost, compact, and low-power,
which allows it to be deployed in arbitrary location (such as hidden
under paintings) and in large quantities.

Can we achieve reflected path power from the smart surface that
is comparable to the direct path power from an AP? Intuitively, the
signal in the reflected path is first absorbed at the smart surface
and then re-radiated, and thus suffers from near-field attenuation
[22] twice. Having large number of antennas on the smart surface
can combat this attenuation loss if the reflected signals from the
smart surface interfere constructively. A natural question here is,
how many antennas would be sufficient to make reflected power
comparable to direct path power? We observe that the required
number of antennas vary depending on the distances between the
AP, the smart surface, and the client. To model this dependency,
we build an analytical model to calculate the number of antennas
required as a function of distances. Our calculation shows that with
reasonable placement, the smart surface requires fewer than 50
antennas, which can be packed within a 30 cm X 10 cm area as a
2-D 5-GHz antenna array.

However, to combine constructively the reflected signal from
each antenna on the smart surface, ScatterMIMO needs to know
the correct phase offsets to apply. A naive way is to derive the
phases from the client’s exact location, but it requires at least
sub-centimeter-level location accuracy which cannot be reliably
achieved with radio or even optical localization [29, 50, 56]. Alter-
natively, ScatterMIMO could exhaustively try all possible phase
combinations and derive the optimal setting from client feedback,
but the search space is too large and the process takes longer to com-
plete than the channel coherence time. To solve this problem, we
design a novel algorithm that can determine the optimal smart sur-
face phase configuration with just 3 uplink channel measurements,
by applying 3 special smart surface configurations and decompos-
ing the phase observed by the client. This allows ScatterMIMO to
optimize the smart surface within 180 us, which is well below the
channel coherence time of 10 msec [22].

The above algorithm requires us to measure the change in phase
of the reflected signal accurately across the 3 special smart surface
configurations. Unfortunately, practical Wi-Fi radios incur random
phase offsets and sampling time differences for each packet, which
cannot be directly measured and would render the phase measure-
ments useless. The key observation of ScatterMIMO is that the
phase of the direct path should not change across measurements,
and once we separate the direct and reflected path, we can compen-
sate for the phase offset by correcting the direct path phase to the
same value. In order to separate the direct path from the composite
channel (direct path and reflected), ScatterMIMO leverages the in-
sight that direct path arrives at the AP before any other path. By
leveraging this property, ScatterMIMO uses a space-time technique
to separate the direct from the composite channel and match the
random phase offsets and sampling time offsets across the 3 special
smart surface configuration packets.

Our contributions can be summarized as follows:

(1) We present the design of ScatterMIMO, which creates virtual AP,
enriches spatial diversity for MIMO, and improves throughput
with just a passive smart surface. We model the signal strength
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of the reflected path and derive a way to make it always compa-
rable to the direct path, regardless of the location of the client;

(2) We design a fast optimization algorithm that requires just 3
packets to determine the phase offsets that achieve the best
reflected power at the client, which is much faster than previous
methods [30] and greatly improves the channel efficiency;

(3) We design a space-time filtering technique to match the per-
packet random phase offset across packets on commercial, off-
the-shelf(COTS) radios, which enables integrating ScatterMIMO
in existing Wi-Fi access points and clients;

(4) We implement our system with COTS Wi-Fi APs and clients, and
prototype ScatterMIMO’s smart surface with low-cost PCB sub-
strate; we characterize and evaluate ScatterMIMO thoroughly.
ScatterMIMO improves the median throughput by 2x for both
stationary and mobile clients, and improves coverage to 45 me-
ters with just a passive 48-antenna smart surface placed 50 cm
away from the active AP.

The rest of the paper is organized as follows: First, we discuss
the prior work related to smart surfaces and advances made by
ScatterMIMO (Sec. 7). Next, we present a feasibility analysis of
ScatterMIMO by building a mathematical framework that can be
used to design smart surface as desired by the user. ScatterMIMO
uses the framework to achieve virtual AP while being practical and
compact and providing necessary spatial diversity (Sec. 2). (Sec. 3)
presents low-overhead algorithms for optimizing ScatterMIMO’s
smart surface,which works with COTS WiFi devices by overcoming
the hardware impairments when working with COTS WiFi. We
present the hardware design of ScatterMIMO to work with practical
phase shifters (Sec. 4). Finally, we show our implementation (Sec. 5)
and evaluation (Sec. 6) results in different scenarios, followed by
limitations (Sec. 8) and conclusion (Sec. 9).

2 FEASIBILITY OF PASSIVE VIRTUAL AP

ScatterMIMO’s goal is to use passive smart surface to create virtual
AP, which in turn re-radiates the same power as the actual AP.
Therefore, virtual AP creates additional spatial streams with com-
parable data rates, while improving the overall signal to noise ratio.
ScatterMIMO builds on top of the observations of previous works
[7, 30, 55], i.e. by combining multiple reflecting antennas, a smart
surface can act as a concave mirror, collect signal power that would
otherwise be lost in the space, and refocus it to the client. Such an
effect requires adding phase-shifting elements to each antenna, so
all the reflected signals can combine constructively at the client.
ScatterMIMO goal sets it apart from the other works, which is
to enable virtual MIMO with one key prerequisite that the reflected
path must provide a signal power comparable to the direct path be-
tween the AP and the client. However, since ScatterMIMO aims at
using passive reflectors to avoid downsides of amplification and
re-transmission (Sec. 1), providing sufficient power in the reflected
path is extremely challenging. Here we explore how ScatterMIMO
can achieve the aforementioned condition with just passive reflec-
tors. Our key findings are:
o By placing the smart surface close to the AP but still far enough
to create spatial diversity, the power reflected to the client can
be comparable to the direct path with less than 50 antennas.
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Figure 2: ScatterMIMO’s multi-antenna smart surface with phase-
matching capability.

o The same placement can ensure the reflected power is comparable
to the direct path regardless of the client’s location, thus giving
ScatterMIMO the same coverage as the active AP.

2.1 Modeling Reflected Power

To derive the exact power of the reflected signal that ScatterMIMO
can achieve, we first consider the scenario where there is just 1
AP, 1 smart surface with multiple antennas, and 1 client, as shown
in Figure 2. We assume the client’s location is known, and the
passive smart reflect can reflect the signal in any desired direction
with negligible internal loss. Later in Section 3 we will discuss how
practical smart surface can achieve these requirements. We then
denote the distance between the AP and the smart surface as dy, and
the distance between the smart surface and the client as dy, while
the distance of the direct path as d. By applying the Friis equation,
we can get the power of the direct path:

GrGrA®

Pg = Pr (and)? (1
where Pp is the power received by the client, Pr is the power
transmitted by the AP, and Gr, Gg are the antenna gains of the
AP and the client, respectively, while A is the wavelength and d is
the distance between the TX and the RX. Here we assume Omni-
directional antennas, so G and Gg do not change across directions.
Meanwhile, for the reflected path, the same process happens twice
(before and after reflection), hence we have:

b GrGrA?| G,GrA*  GrGiGrA*

o | | e ey @
where G, is the antenna gain of a single reflecting antenna, which
also captures the internal losses of the reflector.

Now imagine that we put N antennas on the smart surface instead
of just one, and that ScatterMIMO’s smart surface can change the
phase of the reflected signal, as shown in Figure 2. In such a case, we
can phase-match all the reflected paths with phase shifters (Sec. 3),
hence making the amplitudes of the signals add up constructively
at the client’s location. Assume the smart surface is small enough
and the variation in d; and d; across antennas are negligible. The
total power of the reflected paths then should become N? times
stronger:

GrG2GrAt
Pl = N2pp— =" 3
2Py T (672d,dy)? ®)
The ratio between the power of the 2 paths is:
LPy  (NG,Ad\* @
Pgr B 4rdydy
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Figure 3: Number of antennas needed to match the direct path
power for different smart surface placement.

It is clear that for given channel conditions (4, d1, da, d) and smart
surface’s antenna gain G,, we can manipulate this ratio by varying
N. The goal of ScatterMIMO is to make this ratio close to 1, so a
MIMO receiver can get the best SNR for all the streams within its
dynamic range.

2.2 Optimizing Placement and Number of
Antennas

One question that naturally arises from the foregoing analysis is
how many antennas should ScatterMIMO’s smart surface have, i.e.
how large should N be. Besides, we need to decide how to place
the smart surface, i.e. how to choose d;. To answer these questions,
we picked a typical antenna design with G, = 4dB, and computed
the reflected power for various dj, while d = 12m and d2 ~ d — d;
(the AP, smart surface, and the client are roughly on the same line).
We then compute the expected power }; Py, and compare it with
the direct path power in Figure 3a. The result clearly shows that
we need a prohibitively large number of antennas when the smart
surface is placed far-away from the AP, while when the distance is
0.5 meters, only 49 antennas would be required.

From the above results, it seems that we can set dq to 0 to further
reduce N. However, placing the smart surface too close to the AP
will reduce the spatial diversity and diminish the gain for MIMO.
To study how should we trade-off d; and N, we again vary d; in
the previous setup, from 0 (smart surface co-located with the AP)
to d (smart surface co-located with the client), while computing the
number of antennas N required for Plf2 /Pr = 1. From the results
shown in Figure 3b, we see that when the smart surface is close to
either the AP or the client (i.e. d1/d — 0 or 1), N is relatively small
and manageable, but when the smart surface is in the middle of the
AP and the client (i.e. d1/d = 0.5), N gets very large and can get
unpreferable to implement in practice.

Since the client is mobile, we cannot guarantee that d;/d — 1.
However, we can place the smart surface close to the stationary AP.
In this case, i.e. d1/d = 0, and d2 ~ d. Considering that we want
ZPI’2 /Pr =1:

XPg (NG,A NG, A s
PR h ( 4mdy 4 ©)
observe that the performance becomes independent to client loca-
tion d or da, i.e. ScatterMIMO has the same coverage as the active AP
when its smart surface is placed close to the AP. Further, for a given
smart surface (with known N and G,), the optimal distance from
the AP can be computed with Eq. (5). For example, for a smart sur-
face with N = 48 antennas and G, = 2.5 = 4 dB antenna gain, the

2
) =1 ,ie di=
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optimal distance between the AP and the smart surface is d; = 55
cm. Such dj can still provide substantial spatial diversity for MIMO,
while it does not require too many antennas for achieving equal
power from the direct and reflected path.

2.3 Improving MIMO diversity and
multiplexing gain

In the previous section, we have discussed the requirements for
reflected power equal to that of the direct path. In this section, we
explain how our approach improves MIMO diversity and multiplex-
ing gains. Diversity gain is obtained by having multiple copies of
the same transmitted signal that combine coherently at the receiver.
Multiplexing gain is obtained by transmitting multiple streams by
precoding the data on the orthogonal basis of the channel matrix.

To understand how ScatterMIMO improves these gains, we con-
sider a simple scenario. Consider a setup with a direct path and first
order reflection from the smart surface. Without loss of generality,
we assume the two physical paths constitute an orthogonal basis for
MIMO streams. Since the first-order reflection is orthogonal to the
direct path, maximizing the reflected power from the smart surface
will surely add a new spatial stream. To improve the diversity gain,
the reflected path and the direct path have to add up constructively
at the receiver. We explain this constructive combining in Sec. 3.

In general, the reflected path and the direct path may not consti-
tute an orthogonal basis. To find an orthogonal basis in such a case,
we assume the direct path corresponds to a MIMO stream. Now,
the reflected path has two components, one component along the
direct path, and the other component orthogonal to the direct path,
which is the second MIMO stream. Hence our approach to maximiz-
ing the reflected path power from the smart surface increases the
power of both the MIMO streams, thus improving the multiplexing
gain along with the diversity gain. In the next section, we explain
how to maximize the reflected power from the smart surface and
constructively combine it with the direct path to achieve diversity
gain.

3 FAST CONSTRUCTIVE COMBINATION

In the last section, we showed how ScatterMIMO’s smart surface
could act like a virtual AP and generate reflected power compara-
ble to the direct path over the entire coverage area of the AP, by
leveraging the constructive combination from multiple antennas.
An inherent assumption made by the previous section was that
ScatterMIMO can achieve such a constructive combination by con-
figuring its phase shifters properly, i.e. it knows the correct phase
shifts, so all the reflected paths arrive at the client with the same
phase. Since the client is mobile, such phase values must be derived
in real-time.

Intuitively, these phase values can be derived from the location
of the client, since the location of the AP and the smart surface
is fixed and known. However, reasonable phase accuracy requires
sub-centimeter-level localization, which cannot be reliably obtained
by current Wi-Fi localization techniques [29, 50].

Alternatively, one can try different phase shift values by config-
uring the smart surface and letting the AP to receive a packet from
the client to check how well the phase shift values work. When
the smart surface contains N antennas equipped with 2-bit phase
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shifters, there are gN phase configurations to be tried. However,
it takes years to iterate with merely 20 antennas even when using
the shortest packet in the Wi-Fi protocol that takes around 60 ps,
which gives the minimum time per measurement.

To overcome the exorbitant time complexity, prior work [55]
proposed a greedy algorithm, which uses just 2N packets. With N =
50 as assumed in Sec. 2, the measurement time is 6 ms. However, as
the channel coherence time is around 10 ms [22], the measurements
need to be repeated every 10 ms, leaving merely 40% of the channel
time to the data traffic. This greatly degrades throughput and defeats
ScatterMIMO’s purpose. Here we explore how ScatterMIMO can
avoid such degradation.

3.1 Deriving Optimal Phase

Can we come up with a new way to measure the channel and derive
the optimal phase in constant time, thus improving the channel
time efficiency? ScatterMIMO’s key insight is that we only need
to know 0y, the reflection angle between the smart surface and the
client, to compute the correct phase shifts. To prove that, we present
a mathematical formulation of the channel, shown in Figure 4. For
simplicity, we assume the placement meets the far-field condition [26],
i.e. the size of the smart surface is much smaller than the distance
between it and the AP or the client. Hence the different reflected
paths can be seen traveling parallel to each other. Denoting the
incidental and reflection angles as 6; and 65, respectively, and s
as the separation between 2 adjacent antennas. When there is no
additional phase shift, the total path length rp, rp41 for the n-th
and (n + 1)-th antennas, and their path length difference « are:
rn=di+da  rpg1 = [di + ssin(61)] + [d2 — s sin(62)]

@ = rp41 — rp = s[sin(6) — sin(62)] (6)
Observe that s and 6; are the properties of the smart surface, thus
fixed and known. Hence, the « value solely depends on 6. We now
see how « translates to correct phase shift values.

To make the signals reflected from every antenna to add con-
structively, their phases at the client need to be the same. In other
words, the difference in their path lengths should be an integer mul-
tiple of the wavelength. However, a does not necessarily satisfy
such condition, since the value of 6, is arbitrary, depending on the
location of the client?. That’s where the additional phase shift of
the reflector comes into play. It corrects a so it becomes an integer
multiple of wavelength A:

g2 P =0 g )
21

29, is fixed since the AP and the smart surface have fixed location, and s is fixed when
the smart surface is manufactured, which is usually 1/2.
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Figure 5: Illustration of ScatterMIMO’s algorithm to compensate for packet detection delay and carrier phase offset using 1D IFFT.

where ¢y is the additional round-trip phase-shift added by the
n-th reflector, and K is an integer that satisfies the equation. Let
AP = ¢pn+1 — ¢n and rearrange Eq. (7), we have:

Ap = 27”(101 —a) (®)

As long as A¢ satisfies Eq. (8), the lengths of all the reflected
path will differ by multiples of wavelengths, thus the phase at
the client will be the same and the signal amplitude will add up
constructively. Here we see that we only need to know « to derive
the phase difference A¢ between antennas. The optimal value for
phase shift ¢, of antenna n is hence:

b = o+ np = o + S n(K2 - a) )

where ¢y is an arbitrary phase offset that does not affect construc-
tive combination, and K is an arbitrary integer, which can be set to
any value to meet the range of the phase shifter. Later in Sec. 3.4
we will see how ¢ comes into play when we need to support SISO
links.

3.2 Measuring o in Constant Time

It is now clear that ScatterMIMO can optimize the phase shifters
once the path length difference « is known. However, we still need
to somehow measure . Can we solve for a in one packet channel
measurement at the AP, by inspecting the channel state information
(CSI)? Turns out we cannot, the challenge is the AP would always
receive a direct signal from the client, together with the reflected
signal from the smart surface:
Hyp= |Hd1||Hd2|e_j¢" e Jk(di+dy+na)

H:Hd"'Zne{l,,..,N}Hr,n (10)
where H is the overall channel observed by the AP3, Hy is the chan-
nel of the direct path, Hy j, is the reflected channel between the AP
and the client via smart surface antenna n, k = 27 /A (wavenum-
ber), while |Hy;| and |Hy,| represents the path-loss of the signal
from the AP to the smart surface and from the smart surface to the
client, respectively (assuming path-loss caused by « is negligible

3Note we do not need to maximize |H |, since MIMO AP and clients have multiple
antennas and can separate components in H.

due to far-field condition). Even if we can somehow isolate the total
reflected signal, the « is embedded deep into the reflected signal
as modeled in Eq. (10). Therefore, we cannot use just one channel
measurement to solve for a.

Our key insight is to extract the reflected channel via differ-
ential measurement, by varying the phase configuration on the
smart surface and measure the overall channel H, while keeping
the direct-path channel the same across the measurements. We de-
sign a set of special phase configurations to minimize the number
of measurements required, which requires just 3 measurements,
instead of 2N in previous works.

To simplify the problem, we will explain our algorithm assuming
N = 4. We let the client send 3 consecutive packets to the AP,
while the AP measures the overall channel Hy, Hy and Hs, for each
packet. In the first packet, we set all the antenna phases to ¢, = 0,
measuring the baseline channel induced by the smart surface. For
the second packet, we alternate phase shift ¢,, of every antenna
between 0 and , i.e.

eI = +1,Vn € even e iPn = —1,VYn € odd
Finally, we send the third packet with:
e I = —1,Vn € even e iPn = +1,VYn € odd

The channel estimates for the three packets are as follows:

Hy = Hy + |[Hyy [|Hyo|(1 + e 7K 4 72Tk o ypmik(di+dz)
Hy = Hy + [Hay||Hao|(1 = 75 4 2R )M )
Hs = Hy + [Hay| | Hao| (=1 + €78 — 72K 4 e m/R(diede)
(11)
Now subtract channel estimates from each 2 packets, resulting:
Hy ~ Hy = 2|Hay|[Hgole 7B %) 5y, coqqe ™™
Hy = Hy = 2|Hay | [Haole M W) Ty copene ™ (12)
Now we take the angle of (H; — H3)(H; — H2)™:

" 2
L[(Hy - H3)(H1 — H2)*] = ka = - (13)
given that channel responses Hy and path-loss |H| = [Hy; ||Hygsl

remains constant for these three packets. This means that we can
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conjugate multiply the two subtractions to derive o with just 3
packets, all without changing the existing Wi-Fi protocol.

In the above analysis, we assumed that the channel measure-
ment has no random packet detection delay and no random phase
offsets. The presence of any such random variables will make the
cancellation impossible. Unfortunately, in practical Wi-Fi hardware,
such random factors always exist. Sec. 3.3 will present how Scatter-
MIMO deals with hardware distortions to enable the cancellation
on commercial, off-the-shelf (COTS) Wi-Fi devices, and thereby the
calculation of the a.

3.3 Eliminating Hardware Distortions for
COTS WiFi

ScatterMIMO’s goal is to enable the working of the smart surface
with commercial off-the-shelf (COTS) WiFi devices. The previous
sub-section presented the algorithm in a simplistic way to get the
overall algorithm, and its working clearly explained. In this section,
we would elaborate on our findings to overcome the practical issues
such as phase error, packet detection delay, and multi-path and their
impact on the fast constructive combining algorithm.

Recall that measuring « relies on the ability to cancel the chan-
nel while changing the phase configuration on the smart surface.
However, an inherent assumption made was that the transmitter
and the receiver clocks are synchronized for such cancellation to
work. However, in real-world deployments, the transmitter and the
receiver are not synchronized and have carrier frequency offset and
sampling frequency offsets, which leads to variation in both the
phase and packet detection delay (sampling time offset) from packet
to packet. A natural question is how is the cancellation impacted
by the phase offset and sampling time offset. To understand that,
let us build a mathematical model. The phase offset and sampling
time offset for the measured channel H,,,, 451 eq €an be written as:

Hyeasured(f) = eoqﬁe_jznffe)Htrue(f) = ejﬁ(f)Htrue(f)
where H;rye, represents the underlying channel, ¢, and 7, rep-
resents the phase offset and the sampling time offset, which are
represented in a single variable S(f). f represents the sub-carriers
of the OFDM system. Note that error caused by both the effects
leads to an additional phase error for each sub-carrier and changes
with every packet. Therefore, even if the underlying channel is the
same, the estimated channel for two consecutive packets would
have different phase error as the phase offset and sampling time
offset would be different, In other words, even if we subtracted
them, they wouldn’t cancel each other.

The variation in the phase and packet detection delay renders the
channel subtraction in-effective at learning a. The above problem
has been at the heart of many different problems, including prior
work on smart surfaces. The previous work[30] has used 4 msec
long packet intervals to measure the CFO accurately and then
used the radio’s sampling clock to calculate the difference in time
between two packets and compensate for the random phase offset
due to the packet detection delay. Furthermore, to make matters
worse, the radio’s sampling clock time is not reported by off the
shelf WiFi devices, which is necessary to estimate the accurate CFO
and to compensate for the packet detection delay. So we cannot use
the 4msec long optimization to optimize ScatterMIMO.
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Figure 6: Illustration of ScatterMIMO’s algorithm for correcting
packet detection delay and random phase offset using 2D-MUSIC.

Our goal is to overcome the phase error and random packet
detection delay with only relying on the CSI provided from the
COTS radios (without access to time-stamp from radios sampling
clock) without any additional channel air time overhead, beyond
the three packets measured. To provide insights for our solution,
let us recap the process of learning a. Recall that we measure
two channels with two different configurations of smart surface
and subtract them, with the goal that direct path would cancel
out, and the leftover channel would be the relative reflected signal
from two configurations. The relative reflected signal for special
configurations leads to the estimate . To be specific, our goal is to
measure the relative reflected signal from the entire process of the
cancellation. Mathematically shown as,

Hlpeasured = ejﬁl(f)Hltrue = Jﬁlv)(Hdirect +H1refl)
H2peasured = e]ﬁz(f)Hztrue = yﬁzv)(Hdirect + Hzrefl)

Our key observation here is that the direct path doesn’t change
for the channel measurement of all three packets with the smart
surface in a special configuration. Note that both the direct path
and reflected signal from the ScatterMIMO undergo the same phase
error, so if we can match the phase error for all three special chan-
nels, we can cancel them to achieve the relative reflected signal.
Our key insight is to use the channel corresponding to the direct
path to match the phase error for all 3 packets. Specifically, if we
can match the f1(f) = f2(f), we can achieve the cancellation. The
challenge is that channel measured is a composite of the direct and
reflected signal, so how can we isolate the direct path?

Our next insight to separate the direct signal from the reflected
signal is that the direct path would be the first signal to arrive at
the AP from the client 4 and quite often would be the strongest
signal. Even when the client is in the non-line of sight compared to
the AP, the signal from the client which reaches the AP first would
be part of the direct channel, the reflected signal from the smart
surface would arrive later.

Inspired by this observation, we can take IFFT of the H1,,,¢ gsured (f)

to obtain the time domain response and isolate the first peak signal,
which would be corresponding to the direct signal as illustrated
in Figure 5. We can repeat the process for all three packets and
measure the amplitude corresponding to the first peak. Note that
even with the sampling time offset changing for each packet, the
first path would be represented by the first peak, just changing

“levearged in the context of localization; however, we are using it uniquely to match
the phase error



ScatterMIMO: Enabling Virtual MIMO with Smart Surfaces

the time index corresponding to it. We can align all the channels
first peak to common index say 0 delay and then take the complex
amplitude value for different packet at the peak i.e. 0 delay and
match the phase error across all three packets and subtract them,
thereby achieving much needed cancellation.

Instead of IFFT we use 1D-music to isolate all the multi-path,
we use MUSIC [41] algorithm which is known to be more accurate.
Once we resolve the multi-path delays and align the 0 delays with
the shortest delay. Then using the complex amplitude of the shortest
delay, we match the phase and perform the cancellation. The signal
that is left post-cancellation is proportional to the relative reflection
signal.

The above process, which seems quite robust, however, provides
a resolution that is inversely proportional to the bandwidth of the
signal transmitted by the client. We further improve the robustness
of the above process by extending the algorithm to 2D i.e. space and
time instead of just 1D-time. The two paths would quite likely have
different space (angle of arrival) and time representation, therefore
separating the direct and reflected signal more robustly. The idea is
that most APs today have multiple antennas, and therefore, they
measure CSI on multiple antennas for all three special packets with-
out any additional channel airtime. We leverage the CSI collected
on multiple antennas and multiple sub-carriers (Ngn; X Ngyp) to
perform the 2D-music as outlined in spotFi [29].

We apply the same process as described for the 1D-IFFT based
approach. We perform the 2D-MUSIC, to extract all the multi-path
with their delays and angle of arrival information. We align the first
peak of each channel ToF-AoA to zero delays, thereby eliminating
the sampling time offset. Then, we isolate the complex amplitude
corresponding to the first path and measure the phase offset and
match the phase offset for all the three packets. Then we can cancel
the packets to achieve the relative reflected signal, which is then
used to calculate the value of a. Removing this phase drift from
consecutive packets allows us to measure «a by subtracting the new
channel estimates from consecutive packets, as explained in section
3.2. The above process is shown in the Figure 6. The 2D-Music
is resilient to the multi-path which would act as interference in
identifying direct path and therefore the algorithm is robust to
multipath.

Upon solving the above, we set the smart surface to maximize the
power in the the direction of 02, which can deliver the maximum
power to the client. Note that even if the client is in non-line-of-
sight, the algorithm figures out the signal direction which leads to
the client, which is sufficient to maximize the power at the client.
Therefore, the algorithm even works for non-line-of-sight clients.

To summarize, we used only three channel measurements to
measure the direction of the client from smart surface, with off the
shelf WiFi access point i.e. a constant number of packets. In contrast,
smart wall proposed a solution which optimizes each antenna and
therefore require linear time to optimize the design [30, 55]. Prior
work like [7] used client location as it was connected to VR headset
to optimize the relay design in their work.

3.4 Improving Diversity gain

In a practical network, both MIMO and SISO clients can associate
with the same AP. Although ScatterMIMO cannot create additional
spatial streams for SISO clients, it can still improve the SNR of the
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Table 1: Reflected power vs. phase shifter configuration.

SISO link, thus improving the throughput and coverage. However,
the optimization goal is to maximize |H| instead of |H,. ,|, i.e. now
the reflected paths need to phase-match with the direct path, rather
than within itself. Fortunately, we still have an additional parameter
¢o, i.e. the base phase shift of the antennas, which can be optimized
to make sure that the reflected paths add constructively to the direct
path.

To optimize for SISO links, we rewrite Eq. (10) for the channel
during the i-th packet and at each sub-carrier fj:

H(fj)" = Ha(fj) + Znefr,...N}Hr o (fj)

= Ha(fy) + e/ | Hay (I Haz ()| Zneu, .., nye M AT e

= Hy(fj) + e P H (fy) (14)
where ¢é is the base phase shift for i-th packet, and H, is the
reflected channel without the base phase shift. As you can see, the
second term in this complex addition is rotated based on value of
¢(i). Thus once all the phases within the reflected path are optimized,
(,253 determines whether the reflected path adds constructively to
the direct path.

To determine the phase rotation required on the reflected path,
ScatterMIMO lets the client send two more packets, each with the
smart surface set to a different base phase ¢é, say 0 and , so that
we can measure Hy(f;) and Hﬁ.’n( fj), by subtracting these chan-
nel measurements. Now that we know the two complex terms in
Eq. (14), we can choose ¢ among phase values that would maximize
the average SNR over all sub-carriers:

’ (15)

max g, (ij ‘Hd(f]) + ej‘ﬁoHr(fj)‘

where @o € (0, 27) can take a few discrete choices to approximate
infinite continuous phase values. Later in Sec. 4.1 we will show
that in a practical implementation, ¢o + ko (phase shift for the first
antenna) and thus ¢ can only have a few discrete values. This
allows ScatterMIMO to maximize the SISO throughput quickly by
iteratively computing the average SNR across sub-carriers for all
available phase shift values.

4 PRACTICAL SMART SURFACE DESIGN

Previous sections are based on theoretical smart surface with ideal
phase shifters. In this section, we describe real-world hardware
constraints, their impact on the performance of the smart surface,
and designs for the communication between the ScatterMIMO AP
and the smart surface.

4.1 Working with Practical Phase Shifters

The previous analysis assumes that ¢, for each reflector can take
any value, without any loss. This can be implemented by a contin-
uous phase shifter, such as [5]. But in practice, controlling these
phase shifters requires high analog voltage, which is hard to obtain
in low-power designs, and more importantly, they incur a one-way
loss of over 5 dB (hence > 10 dB round-trip), which significantly
reduces the effectiveness of the smart surface. Another option is to
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use low-power, low-cost, and low-loss RF switches together with
lossless delay lines to implement the phase shifters. The heuristic
rule of thumb is that a M-bit RF switch (which produces 2™ discrete
phase shifts) incurs M dB loss. For example, a 2-bit, quad-phase
shifter would have 2 dB loss (late in Sec. 5 we will see the actual
loss is close to 1 dB). However, these shifters can only support finite
discrete phase values, which introduces a quantization error in the
phase.

To understand how well these discrete phase shifters can approx-
imate the ideal continuous and lossless ones, we compute the mean
power reflected to a client for different M, across various random
a values, for lossless and practical discrete phase shifters. We also
compute the power with the ideal continuous and lossless phase
shifters as a benchmark. Each time, we optimize the smart surface’s
actual phase shift ¢, similar to what has been discussed in Sec. 3.4:

2
max D Ha(£) + 1 Har ()1 Haz(f)] Y e /K9]
n f} n
$n = po + nka € {0,27[]\1—/1,...,2777(MA; 1)} (16)

and then calculate the SNR w.r.t. the ideal case benchmark.

Results in Table 1 suggests that on average, a 4-phase discrete
phase shifter produces the best practical results, but more impor-
tantly, it is just 5 dB worse than an ideal continuous phase shifter.
Hence, in our implementation we use the simple 4-phase shifter
design for the smart surface.

4.2 Putting it All Together

In total, to learn the direction of the client, the ScatterMIMO AP
sends explicit feedback packet transmission, which, when acknowl-
edged, generates the 5 up-link packets needed to optimize the smart
surface’s direction and the phase. Furthermore, the explicit feed-
back packets are short 60 us packets, and it typically takes a total
of 400 ps to optimize the smart surface for a particular client. The
explicit feedback packets encode the channel in the acknowledg-
ments, which is used to infer if the channel is coherent or changing
too fast. Based on that, ScatterMIMO can decide whether to use the
smart surface.

Eventually, the smart surface needs to know which client the
packet is sent to or from. Since the AP is close enough to the smart
reflector, we can use BLE packets or even backscatter communi-
cation [59] to send information about the use of the channel and
potentially the client information. ScatterMIMO’s smart surface
then looks up the database to find the last known best phase setting
for the particular client and programs the phase shifters to use
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Figure 7: Hardware prototype and functional block diagram of ScatterMIMO smart surface.

those settings. Similarly, when the smart-phone or other devices
intend to send a packet, they can choose to inform the smart surface
over BLE about the use of channel and the client’s identity. The
advantage of a BLE control plane is its low-power and low latency
(10-100 ps).

5 IMPLEMENTATION

5.1 ScatterMIMO Hardware Design

We hierarchically implement the ScatterMIMO smart surface to
simplify the design and ensure scalability, as shown in Figure 7.
Each smart surface can contain multiple tiles, which are coordinated
by a central controller through a UART bus. The central controller
communicated with the ScatterMIMO AP to obtain the appropri-
ate phase information, and deliver them to each tile. Each of the
tiles hosts a matrix of phase-shifted reflecting antennas, or namely,
reflector units.

For our implementation, we put 4 X 4 = 16 reflector units on each
tile. The 2-dimensional design allows us to steer the reflected beam
both horizontally and vertically. However, since most indoor spaces
have limited freedom in height, our evaluation will be focused on
the horizontal case.

The reflector unit uses a patch antenna for maximum reflection.
The antenna is then connected to a HMC7992 5-GHz RF switch,
which further connects to 4 open-ended transmission lines. The
transmission lines provide 0, 7 /2, 7, and 37/2 round-trip phase
shifts.

In each tile, we use a STM32L053C6 low-power microcontroller
to configure the RF switches. The two control signals of the switch
can be directly wired to the microcontroller. In this case, the 4 X
4 tile would require 4 X 4 X 2 = 32 separate signals. However,
such design would create more traces than allowed by the space
between the reflector unit, which is limited by the half-wavelength
requirement. To make the design scalable, each reflector unit has its
own addressable memory, which consists of two flip-flops that latch
their input when the reflector is selected by row and column. The
input of all reflector units can then be wired together to a bus. In
such a way, a tile module can have an arbitrary number of reflector
units by simply replicating the basic reflector unit design, as long as
the central controller can provide the row/column signals. In our
case, only 4 + 4 + 2 = 10 signals are needed to address a 4 X 4 tile.

The microcontroller also takes commands from the UART bus.
Each command sent on the bus contains the microcontroller’s
unique serial number, so only the desired tile takes the command.
In such a way, all the tiles can share the same UART line, i.e. tiles
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Figure 8: Left: The floor plan shows our deployment of the AP and smart surface at three different office locations (shown in red, green, and
yellow color). For each AP location, we also show a few representational client positions. Right: Our setup showing 10 m link in a long corridor.

can be added as needed, without any dedicated wiring. For testing,
we connect the UART bus to a computer running MATLAB via a
USB adapter, which act as the master controller. Alternatively, the
UART bus can be connected to a BLE adapter (e.g. [3]), allowing
the tiles to receive commands from the active AP.

Each tile measures 12.2 X 13.2 X 0.3 cm, which is thin and can be
unobtrusively embedded into walls or hidden under paintings. The
tile draws around 4.2 mA from 3.3 V, where 16 RF switches consume
a total of 2.3 mA, and the rest 1.2 mA is from digital circuits. The
total power consumption is thus less than 14 mW, or around 1/500
- 1/1000 of a typical active AP [1, 2, 4, 6]. Alternatively, if we use
SKY13575-639LF RF switch that draws around 10 uA from 3.5V,
the power consumption will drop to 0.56 mW per tile.

We manufactured our tiles with OSH Park’s 4-layer PCB, which
uses Isola FR408 substrate. From our measurement with a vector
network analyzer [8], non-idealities of the low-cost PCB is evident
at 5 GHz, and reflections (around -10 dB) in the RF path makes phase
shifts deviate from their designed values. Fortunately, such error is
smaller than the quantization error caused by discrete phase shifts
(Sec. 4.1), which makes it tolerable in our system. Currently, it costs
around $70 to manufacture a tile and $5 for each HMC7992 RF Switch
[18]. The total system cost includes $210 for 3 tiles and $240 for the
IC components. However, system cost can be significantly reduced
by using SKY13575-639LF RF Switch [43] that costs around $0.75
per unit. For large scale production of the PCBs, each PCB costs
around $1.5 per unit. This would lower the system cost down to
$40($35 for IC components + $5 for the 3 PCBs).

5.2 Client and AP Setup

We use commercial Wi-Fi access points to evaluate ScatterMIMO
and demonstrate the improvements brought by ScatterMIMO in
real-world office environments. we use 2 Quantenna QHS840 802.11ac
development boards, each with 4 X 4 MIMO, one as an AP and one
as the client. Each of them is connected to a separate PC via gigabit
Ethernet. The development board’s firmware allows us to collect
channel state information (CSI) feedback from them. We then run
iperf3 on the PCs to measure the TCP and UDP throughput under
various configurations.

Due to antenna limitations, we use Wi-Fi channel 36 (5.18 GHz)
and 80 MHz bandwidth. However, the results should scale to other
channels. In our experimental setup, we mainly test the downlink
traffic, i.e., from AP to client. Since, in practical scenarios, most of
the traffic is downlink (e.g., for mobile VR and video streaming), the
setup is sufficient to demonstrate ScatterMIMO’s overall benefits.

6 EVALUATION

In this section, we first present microbenchmarks to demonstrate
the working of the smart surface, and then we evaluate the end-to-
end performance of ScatterMIMO. We compare the performance of
ScatterMIMO in terms of throughput and SNR gains over a baseline,
which does not make use of the smart surface. We conduct multiple
experiments at three different placement of the AP in a 50 meter

X 30 meter floor plan of our office building. The client is placed

randomly in the arena at 100 locations to create both line-of-sight

and non-line-of-sight scenarios, as shown in Figure 8. For each
client location, we perform measurements for two cases, one with
the presence of smart surface and the other without it as a baseline.

Our analysis is based on two different measurement studies.

First, we collect TCP throughput data and show throughput gain,

coverage, and optimization latency achieved by ScatterMIMO. Fur-

thermore, we log CSI data at the AP to calculate the received SNRs.

In order to compare the experimental results analytically, we re-

port the throughput gain defined as the throughput achieved by

ScatterMIMO divided by the throughput achieved by the baseline.

Similarly, we define the SNR gain (in dB) achieved by ScatterMIMO

to compared against the baseline. We report the combined results

across the three different AP placements as aggregate CDF plots.
The summary of the evaluation of ScatterMIMO and the key
findings are as follows:

e ScatterMIMO improves median throughput gain by 2x compared
to the baseline.

o ScatterMIMO can improve the SNR of spatial streams by 2 dB for
SISO and can improve the overall MIMO second spatial stream
by 5 dB while increasing the first spatial stream by 1 dB.

o ScatterMIMO increases the coverage from 30 meters to 45 meters
in a typical office environment.

e ScatterMIMO’s beam steering accuracy is within 0.5 dB of an
ideal continuously tunable phased array.

6.1 Smart surface controllability

We first evaluate how a tile of antennas with different phase con-
figurations affects the received signal power at the client. To verify
this, we set up the AP, client, and a tile of the smart surface to be at
the same height. For microbenchmarks, we use a four antenna AP
and a single antenna client and place them 3 m apart in direct line-
of-sight. The smart surface is placed 20 cm behind the AP facing
towards both AP and client as shown in the setup of figure 8. We
record the CSI for every smart surface configuration and compute
the average SNR across all subcarriers. We also collect CSI when the
smart surface is removed from the environment. Figure 9 plots the



MobiCom 20, September 21-25, 2020, London, United Kingdom

M.Dunna, C.Zhang, D.Sievenpiper, D.Bharadia

52 ¢ 1 1
K Smart surface
50 | ~ ——— Baseline 0.8 ¢
% -1.-.4,,_'('"" w 06
E48 | ' 8
zZ . 0.4t
(9]
46 1 0.2t
44 ‘ : 0
0 100 200 300 0 0.1 03 04 1 2 3 4
Configuration SNR difference(dB) Throughput gain

Figure 9: SNR at client for different smart sur- Figure 10: SNR difference between predicted Figure 11: End-to-end TCP throughput gain

face configurations.

Tile1 Tile2 Tile3
90 90
0 60 0 60
-5 30 - 30
-10 -10
-15 A5 S
-20 0 -20 dTF
-30 -30
-60 -60 -60
-90 -90 -90

---------- Ground truth Estimated |

Figure 12: BeamPatterns of the three tiles of the smart surface.

SNR at the client for 256 smart surface configurations (one tile with 4
horizontal antennas each with 4 possible phase configurations) and
compares it with the baseline (without smart surface). We observe
that the presence of smart surface causes 7dB variations in the SNR
across different configurations while outperforming baseline by 5.5
dB SNR gain. Thus, the best configuration can achieve SNR gain
close to thereotical maximum of 6 dB. The results also validate that
smart surface controls the amount of reflected power that reaches
the client.

6.2 Direction sensing

ScatterMIMO’s key algorithmic component is to find parameter a
that captures the relative direction of the client from the AP via
the smart surface. ScatterMIMO needs to estimate a accurately to
obtain the best phase configuration at the smart surface. Here we
will show how well the array can deduce the client’s direction and
focus the power towards it. The test setup is similar to the one
mentioned in the subsection 6.1 except that we now use all three
tiles at the smart surface (4 X 12 antenna array). We collect CSI by
setting the smart surface in different configurations as explained
in section 3 and estimate a. We also obtain the true @ by manually
measuring the angular location of the AP and the client via the
smart surface. The value of « is used to calculate the smart surface’s
phase configuration that gives the directional beampatterns at the
smart surface. Figure 12 plots the beampatterns that correspond
to both true and estimated « for all three tiles. The ground truth
beampatterns for each tile indicates the direction towards which the
smart surface must rotate the reflected beam. We observe the peaks
of the estimated beampatterns are within 10 degrees of the ground

best configuration and brute-force search

over the baseline in the coverage area.

truth beampatterns. Notably, in the case of tile2, the estimated
beampattern matches the ground truth beampattern.

6.3 ScatterMIMO’s algorithm accuracy

Next, we will quantify how the accuracy of « affects ScatterMIMO’s
performance. We reuse the test setup from subsection 6.1, and
probe CSI for over 100 trials. In each trial, we calculate the SNR
at the client and report its cumulative distribution function (CDF).
We compare ScatterMIMO’s phase configuration algorithm with a
brute-force approach. Recall that ScatterMIMO needs to try only
three arrangements to estimate the best phase configuration at
the smart surface. On the other hand, the brute-force search runs
over 256 possibilities. We emphasize here that an exhaustive search
over 16 antenna elements (each with 4 possible phases) in a tile
would require 4! probes, which would take months to run, and
this complexity would increase exponentially with the addition of
another tile. Therefore, we restrict the AP, client, and the smart
surface to the same height, which reduces the number of trials to
4* = 256 possibilities. In such a 2D setup, all the vertical antennas
share the same phase. We observe in Figure 10 that the proposed
algorithm performs as good as the brute-force method with less
than 0.5 dB of the performance gap. The analysis substantiates our
claim that ScatterMIMO achieves the required accuracy with high
efficiency and low latency.

6.4 Throughput Gain

We now proceed to full system evaluation in terms of end-to-end
throughput gain achieved by ScatterMIMO over the baseline. The
AP always uses four antennas while the client can use either one
or two antennas representing most commercial WiFi router and
smartphone devices. We aggregate all the measurements across
different scenarios and report a CDF plot of throughput gain in
Figure 11. To show only the fair throughput gains, we consider the
throughput measurements which fall under the coverage area and
have an active data stream. Markedly, we notice a median through-
put gain of 2X compared to the baseline (without the presence of
smart surface). This evidence suggests that the smart surface has
created a second path enabling an additional data stream effectively
doubling the throughput. For the case of a single antenna client,
the throughput improvements come because of the higher diversity
gain of the single spatial stream to the client.
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Figure 13: SNR gain over the baseline for two cases.

Additionaly, ScatterMIMO improves 95th-percentile throughput
by 4X. The reason for this very high performance can be explained
by the scenarios when the SNR is low on both the streams (no-
tably, the non-line-of-sight). Introducing the smart surface in such
a situation improves the SNR on both the streams realizing more
than 2x gains, as shown in Figure 11. To shed more light on the
SNR improvement of individual streams, we do the following CSI
measurement study.

6.5 SNR Improvement

We will first investigate SNR improvement for a single antenna
client (single stream or SISO case) and then explain for the client
with two antennas (two spatial streams or MIMO case).

6.5.1 SISO SNR Improvement. From Figure 13a, we observe
around 2 dB median SNR improvement over the baseline for a
single stream between AP and client. The reason is that the smart
surface created an additional strong path towards the client, which
combines coherently with the direct path. Ideally, a reflected path
that is as strong as the direct path would double the received signal
amplitude, thus improving the SNR by at most 6 dB. However, we
note that SNR gain starts saturating at 4 dB. The saturation happens
because of the 2-bit discrete phase-shifters we use in a reflector unit.
Quantized phase-shifters cannot always align the reflected path’s
phase with that of the direct path. Hence, the direct and reflected
paths do not always add up constructively resulting in SNR gains
less than 6 dB.

6.5.2 MIMO SNR Improvement. While the goal with a single
antenna client was to improve the diversity gain, a MIMO system
can essentially provide both diversity and multiplexing gain. We
show that ScatterMIMO can improve upon both metrics by creat-
ing additional coherent paths for each stream in a MIMO system.
Our results with two antenna client with two MIMO streams in
Figure 13b shows an improvement of 1.5 dB for the first stream
and 4.5 dB for the second stream. This suggests that the reflected
path from smart surface improved the SNR of both the streams. The
different amount of SNR improvement across two streams suggests
that the rank of the channel is improved along with the diversity
gain, which contributes to the overall 2x throughput gain, as we
have seen in the last section. The result shows that ScatterMIMO
can improve MIMO channel rank regardless of the client’s loca-
tion or orientation. Creating such a spatially diverse channel is a
significant step towards achieving full MIMO capacity in realistic
environments.
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Figure 14: Singular Value and Condition number.

6.6 MIMO Condition Number Improvement

To further understand MIMO spatial multiplexing gains, we analyze
the condition number of the MIMO channel. The condition number
is defined as the ratio of the largest singular value to the smallest
singular value for a narrowband system. For a wideband system,
we take an average of singular values across all the subcarriers
before taking the ratio. An ideal singular value of 0 dB means all
the streams are equally strong. We observe from Figure 14a, a me-
dian improvement of 3 dB in condition number when compared
to the baseline. This shows that the channel matrix has become
well-conditioned as compared to the baseline. Now, to understand
the improvement in condition number, we plot the average of sin-
gular values corresponding to stream 1 and stream 2 in Figure 14b.
The median of stream 1’s singular values has increased by 1.5 dB,
whereas stream 2’s median value has increased by 4.5 dB. This
observation suggests that the smart surface has contributed to the
improvement of SNR of both the orthogonal data streams and hence
improved the MIMO multiplexing gain, as explained in Section 2.3.

6.7 Coverage & Latency

We define coverage as the region up to which the smart surface
can provide throughput improvement over existing throughput.
All our experiments are conducted on a large floor in an office
building shown in Figure 8, and we classified the range at which
we can provide improvement in throughput as the coverage span.
We observe that we can provide the throughput improvement up
to 45 meters of range with the smart surface. The baseline without
the smart surface works up to only 30 meters of range. Finally, we
qualitatively contrast with the recent works [9, 30] in Table 2 below,
on the coverage and latency of optimization of the smart surface.

Properties ScatterMIMO‘LAIA [30]‘ RFocus [9]

# antenna elements 48 36 3720
72 packets | 4000 packets

Algorithm Latency| 3 packets

Coverage upto 45m 8m 30 m

Table 2: Comparing ScatterMIMO with LAJA [30] and RFocus [9]

7 RELATED WORK

Our work presents a unique direction where we enable a virtual
AP using a smart surface. Our work is closely related to multiple
avenues as follows:

Passive Surfaces based Network Improvements: In recent
years, there has been a new line of research to improve wireless
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networks using passive surfaces [19, 31, 33], smart cloths [14, 35, 37],
smart walls [30, 55]. LAIA [30] is closely related to ScatterMIMO
and is the first work to use an array of antennas to manipulate
the radio environment. We build on top of LAIA to improve the
channel but differ in the following aspects.

First, LAIA enables smart walls to improve channel by facilitating
penetration of wireless signals across the walls. LAIA improves
the channel by deploying antennas on either side of a wall and
connecting them via a phase shifter. In contrast, ScatterMIMO
enables a smart surface that achieves passive distributed MIMO by
creating a virtual AP, which provides power and coverage close to
a physically deployed AP.

Second, LAIA requires the number of channel estimates to be
of the order of the number of antennas. On the other hand, Scat-
terMIMO leverages the geometry of the smart surface (i.e. antenna
placement relative to each other) to design special smart surface
configurations and requires only a constant number of channel
estimates to optimize for phases. ScatterMIMO presents a suite of
novel algorithms and mathematical frameworks for optimization
of the general smart surfaces with antennas. Thus ScatterMIMO is
scalable to a vast antenna array without any significant overhead.
In such sense, it can be generalized to use multiple smart surfaces
with adjustable location and orientations.

Finally, LATA demonstrates throughput improvement using software-

defined radios, while ScatterMIMO has shown to work on commer-
cial off-the-shelf Wi-Fi devices as well.

Active Distributed MIMO: Distributed MIMO has been con-
sidered the holy grail for wireless communication, and actively
powered approaches for distributed MIMO have been widely ex-
plored. Achieving Distributed MIMO requires synchronization, and
abackhaul link between the transmitters to share the data for spatial
multiplexing. MegaMIMO [23] uses over-the-air synchronization
and an Ethernet link to share the data to transmit coherently to the
client. Recent work on full-duplex relaying demonstrates the ability
to achieve both synchronization and backhaul wirelessly [11, 13].
In contrast to these works, ScatterMIMO achieves a similar func-
tion passively, with both synchronization and backhaul implicitly
guaranteed by the nature of reflection. Since the smart surface is
placed in far-field, it can be considered a form of distributed MIMO.

Active Relay/Reflectors: Amplify-and-forward relays use ac-
tive devices to extend the coverage of wireless network [60, 61].
WiFi extenders are also trending, which typically employs a decode-
and-forward relays [32, 47]. MoVR [7] uses active millimeter-wave
reflectors to relay communications and achieve a reliable link. It
further leverages virtual reality location assistance co-located on
the client to optimize the reflector. On the other hand, ScatterMIMO
is passive, and it does not require the location of the client.

Backscatter communication: ScatterMIMO’s underlying de-
sign leverages the designs of backscatter tags [12, 25, 27, 28, 45, 51,
59]. Though ScatterMIMO is not built for backscatter communi-
cations, however, ScatterMIMO presents a novel analysis that can
potentially be adapted for designing MIMO backscatter tags. The
insights from ScatterMIMO can be extended to solve two significant
challenges that backscatter devices face, namely, to increase the
throughput and the range of backscatter communications.

Meta-surfaces: Metasurfaces [15] are artificial surfaces com-
posed of sub wavelength periodic patterns with properties generally
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not occuring in nature. Metasurface manipulates the electromag-
netic wave properties such as amplitude [16, 38], phase [46, 48, 49,
57], polarization [57] upon interaction with electromagnetic waves.
[20] presents a metasurface that achieves perfect anamolous reflec-
tion i.e. reflection angle is different from the angle of incidence. But
metasurface design in [20] cannot be tuned to control the angle
of reflection. To enable tunability, [42, 49] suggest the use of var-
actors as phase shifters in their design to steer the reflected wave.
In contrast, ScatterMIMO’s smart surface uses delay lines as phase
shifters which are less lossy compared to varactor diodes and also
have broader bandwidth.

8 LIMITATIONS AND FUTURE WORK

ScatterMIMO presents a design of smart surface, which can mimic a
virtual AP and improve the throughput with a single smart surface.
We also provide a low complexity optimization of the smart surface
and scalable design principle for smart surfaces. However, there is
significant scope for improvement to extend wireless networking
further. We have listed some limitations of ScatterMIMO, and future
work to build upon it.

Network of smart surfaces: Our patch antennas have a 120-
degree field-of-view which can be extended by deploying several
of these reflectors at multiple locations. Multiple smart surfaces can
create more than two additional paths to the user, thus improving
the spatial multiplexing capability.

Multi-user MIMO: We proposed ScatterMIMO to improve the
throughput of a MIMO system with one user at a time. Multiplex-
ing multiple users has been studied extensively in the context of
MU-MIMO and Massive MIMO. Our idea to deploy multiple smart
surfaces has potential applications for MU-MIMO in WiFi 6 [10].

Ultra Low power design: The current smart surface design’s
power consumption is of the order of mW, which is 1000 X lower
compared to an active AP while providing comparable throughput
gains. The power consumption can further be reduced by replacing
our switches with low power alternatives (e.g., [43]). Also, a very
low power wake-up receiver can be incorporated into the smart
surface design activating the smart surface only when there are
active packet transmissions.

Dual band smart surface design: We designed patch anten-
nas to work at 5GHz with a bandwidth of 100 MHz covering five
WiFi channels. The design can be further improved to incorporate
additional 5GHz channels as well as extended to 2.4 GHz WiFi using
dual-band antenna design techniques [58].

9 CONCLUSION AND DISCUSSION

We present a novel mathematical framework to design smart re-
flectors, which can as Virtual AP’s and can be designed to be used
for different application. Using this mathematical framework we
design smart reflector which can act as a virtual AP with same
transmit power as traditional AP, therefore providing spatial multi-
plexing and SNR improvement for all the clients within the coverage.
Furthermore, we present the design and implementation of smart re-
flector evaluated with off-the-shelf COTS WiFi 4x4 AP. We present
novel algorithms to optimize the smart reflector while compliant
with protocol. We believe this work paves a way forward for the
smart surface based wireless communications and networking.
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