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ABSTRACT
With the advancement of the Internet of Things (IoT), many
devices will be connected to the Internet, enabling digital
twin and smart home applications. However, currently, these
IoT devices are operating at lower frequency bands of the
wireless spectrum, typically ranging from a few hundred
MHz (such as RFID and LoRa) to a few GHz (such as BLE and
WiFi). As a result, the current IoT devices not only place a
huge strain on these bands, but also cannot benefit from the
large bandwidth available in the higher frequencies of the
spectrum such as mmWave bands. In this paper, our goal is
to bring mmWave technology to existing IoT devices so they
can benefit from the advantages this technology offers, such
as high network capacity, low interference, and Space Divi-
sion Multiple Access. To this end, we design mmPlug, a novel
plug-and-play module which is simple and energy-efficient.
mmPlug can be easily connected to the antenna port of any
IoT device, enabling it to operate in the mmWave band. mm-
Plug is compatible with different wireless technologies (such
as WiFi, Lora, etc.) and does not require any modification
to the circuit, firmware or communication protocols of the
existing IoT devices. mmPlug achieves this by a novel de-
sign which can seamlessly be connected to the antenna port
of the IoT device. We have implemented mmPlug on PCB
and empirically evaluated its performance. Our results show
that mmPlug enables existing IoT devices (such as WiFi and
Lora) to operate at mmWave band while achieving accurate
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localization, uplink and downlink even when they are more
than 30 m far from the access point.
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1 INTRODUCTION
Over the past several years, there has been significant inter-
est in developing efficient millimeter-wave (mmWave) net-
works [21, 46, 47]. These networks have multiple advantages
over traditional wireless networks which make them very
attractive for emerging applications. First, they can provide
very high network capacity by operating over a large band-
width in the high-frequency spectrum bands (24 GHz and
above) [17, 26, 40, 43]. Second, the use of highly directional
mmWave antennas enables space division multiplexing and
can provide connectivity to many nodes simultaneously over
the same bandwidth, which results in much more efficient
spectrum usage [6]. Finally, such directional antenna arrays
together with the large bandwidth and short wavelength
enable very accurate device localization [12, 32, 45].

In parallel, the number of Internet-of-Things (IoT) devices
grows at fast pace. The current IoT networks at sub-6GHz
band are suitable for a range of existing applications, but
they have some limitations, specifically when the number
of connected nodes increases. In fact, these networks may
not always scale to emerging applications such as massive

613

https://doi.org/10.1145/3570361.3613255
https://doi.org/10.1145/3570361.3613255
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3570361.3613255&domain=pdf&date_stamp=2023-10-02


ACM MobiCom ’23, October 2–6, 2023, Madrid, Spain Mazaheri et al.

IoT networks. In addition, the sub-6GHz band is heavily
congested and the networks are facing spectrum crunch.
mmWave technology can provide the large spectrum and di-
rectionality for frequency and spatial reuse needed to enable
massive IoT. To resolve the issues with the lower frequency
band we migrate the sub-6GHz to mmWave band, where
spectrum is usually not congested and directional communi-
cation increases capacity through Space Division Multiple
Access (SDMA). Therefore, it can enable very high density
networks for the currently deployed IoT nodes that do not
interfere with other deployed sub-6GHz networks. Despite
the advantages of mmWave technology, most IoT devices do
unfortunately not benefit from it due to the high complexity,
cost and energy consumption of mmWave radios. Hence,
there is a need for new designs which can bring mmWave
technology to IoT devices.

To address this problem, researchers have designedmmWave
modules and systems targeted for IoT devices [30, 31]. Al-
though these systems enable low-power, low-cost mmWave
communication, they have major limitations. First, they pro-
vide only an uplink, and do not support two-way communi-
cation. Second, they do not work as a plug-and-play module
since they have their own protocols, and hence cannot eas-
ily be integrated and used in today’s IoT devices. Ideally, a
mmWave module for IoT devices should satisfy the following
key requirements:

• Plug-and-play Integration: First, it must be a plug-and-
play component which can be easily attached to existing
wireless IoT nodes to allow the upgrade of deployed legacy
networks and ensure rapid market adoption. Ideally, the
integration should be as easy as disconnecting the IoT
node’s antenna, and connecting the mmWave module to
the same port. This allows any existing IoT nodes to seam-
lessly operate at the mmWave band and benefit from its
advantages of high network capacity, accurate localization
and space division multiplexing.

• Simple and Low-power: The module needs to be simple
and low-power, to meet the typical requirements of IoT
devices. Unfortunately, the power consumption of most
mmWave components is high. The problem is intrinsic as
most of the components of a radio consume much more
power when they run at such high frequencies. Further-
more, mmWave radios are costly compared to most IoT
devices. Hence, the design of the mmWave module needs
to be very simple and use only the minimum number of
mmWave components to reduce cost and power consump-
tion.

• Compatibility: Finally, the design must enable both up-
link and downlink operation, since otherwise it will not be
compatible with most IoT applications. It should also be
seamlessly interoperable with different IoT technologies.

In particular, it should be able to enable WiFi, LoRa and
other IoT technologies to operate at mmWave bands. Be-
ing able to retrofit existing IoT devices allows to leverage
chipset vendors, device integrators, end customers and op-
erators of the lower frequency IoT ecosystem, to address
mass market requirements.
With the above requirements satisfied, it is possible to

bring mmWave technology and its advantages to potentially
any IoT device as well as today’s low-power low-frequency
SDRs such as TinySDR [20]. To be able to fulfill these re-
quirements, we design mmPlug, a mmWave module with a
unique design, which allows IoT nodes to transmit and re-
ceive in the mmWave band using their original RF interface
(WiFi, LoRa, etc.) without any modifications to their chipsets,
firmware or protocol. For data transmission, the mmPlug
module translates the original IoT signal to the mmWave
band, and transmits it over the air. The mmWave signal is
then received and decoded by a mmWave access point that
supports the IoT communication protocol. For reception,
the module receives the modulated mmWave signals from
the mmWave access point, and translates them back to the
IoT device’s original low frequency band. mmPlug module
does all this using only a single mmWave amplifier with-
out any further active mmWave RF components, together
with a novel passive PCB design. To achieve this, mmPlug
introduces two key innovations:

1) LeveragingMutual Coupling toGeneratemmWave
Signals. Mutual coupling occurs when an antenna gets too
close to another antenna and impacts their performance.
Typically, this behavior is considered harmful and is thus
avoided (as much as possible) in RF design. In contrast, mm-
Plug leverages mutual coupling to enable an amplifier to
generate and amplify a mmWave signal at a specific fre-
quency. In particular, we design two patch antennas and
connect them to the input and output ports of an amplifier.
Then, by optimizing their mutual coupling, we create a loop
between the output and input of the amplifier, causing it to
resonate. To ensure that the amplifier resonates only at the
target mmWave frequency, we carefully design the mutual
coupling of the antennas such that they have the maximum
coupling at the required frequency. Said differently, we opti-
mize the mutual coupling between the antennas such that
the system works as a bandpass loop which has the least at-
tenuation at the required mmWave frequency. Hence, even a
small signal such as noise will cause the amplifier to resonate
and generates a tone at the desired mmWave frequency.

2) Leveraging Amplifier Saturation to Translate Fre-
quencies. Once the amplifier starts resonating at the desired
frequency, the resonating mmWave tone will continue grow-
ing until the amplifier reaches saturation. This is happening
because of the loop caused by the mutual coupling, and the
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amplification gain provided by the amplifier. Once the ampli-
fier saturates, it enters a very non-linear region. This strong
non-linearity will result in the intermodulation of the am-
plifier’s input signal. Since in the downlink the amplifier
input signal is the sum of the received modulated mmWave
signal and the mmWave resonating signal, the intermodula-
tion results in the multiplication of the two signals, which
down-converts the received modulated mmWave signal to
the lower frequency band. Finally, we design a passive PCB
based diplexer to extract the low-frequency signal from the
other signals in the loop, and feed it to the antenna port of
the IoT device. A similar process is happening for the uplink
mode, where the loop and amplifier translate the IoT signal
to the mmWave band.

In this paper, we make the following contributions:

• We introduce the first low-power and plug-and-playmmWave
modulewhich enables any IoT device to operate atmmWave
bands.

• We develop a technique which leverages (typically unde-
sired) antenna coupling and amplifier saturation behavior
to translate low frequency signals to mmWave and vice
versa.

• We implement mmPlug using an off-the-shelf amplifier
and standard PCB board. We experimentally evaluate the
performance of our design and also demonstrate its prac-
ticality by integrating it with off-the-shelf WiFi and LoRa
IoT devices. Our results show that even when IoT devices
are 30m away from a mmWave AP, mmPlug enables them
to communicate robustly at mmWave frequency bands.

• We employ the high-speed Analog to Digital Converters
(ADCs) within the mmWave AP for precise localization of
mmPlug nodes. Our findings demonstrate the AP’s capa-
bility to determine the Angle of Arrival for a node with a
precision surpassing 1 degree. Furthermore, the distance
error is under 40cm in an indoor environment.

Paper outline: We describe the overview of mmPlug in
Section 2. We detail mmPlug’s design in Section 3. The im-
plementation is described in Section 4, followed by micro-
benchmark experiments and the evaluation in Section 5. We
discuss the operation of mmPlug in a network of IoT devices
in Section 6 and the related work in Section 7, and conclude
our work in Section 8.

2 SYSTEM OVERVIEW
mmPlug is a plug-and-play mmWave module for any IoT
devices. It enables any existing and future IoT devices to
communicate using mmWave spectrum. This enables IoT de-
vices to benefit from the advantages of operating at mmWave

Figure 1: mmPlug Overview. mmPlug’s module can easily
be connected to the antenna port of off-the-shelf IoT devices
(such as WiFi, LoRa, etc.), and enables them to operate at
mmWave spectrum and communicate to a single mmWave
AP.

frequencies, such as availability of high network capacity, ac-
curate localization, and the capability of performing space di-
vision multiplexing by exploiting the sparse mmWave multi-
path and the directionality of mmWave antennas. Moreover,
operating at mmWave band reduces the strain on the lower
part of the spectrum as the number of IoT devices grows.

Figure 1 shows mmPlug’s setup, where multiple IoT nodes
(each equipped with an mmPlug module) communicate to a
single mmWave access point (AP) which supports different
communication protocols (such as LoRa, WiFi, etc). mm-
Plug’s module operates as a plug-and-play device and can
be easily connected to IoT devices (instead of their antenna).
All that is required is to remove the IoT device antenna, and
connect an mmPlug’s module to the same antenna port. mm-
Plug’smodule enables both uplink and downlink communica-
tion, and has on-board mmWave patch antennas. Moreover,
due to the directional property of mmWave communication,
the mmWave AP can perform space division multiplexing.
This allows multiple nodes to communicate with an AP si-
multaneously, without creating any interference for other
devices.
In the next sections, we will explain the details of the

mmWave module to meet IoT requirements.

3 MMPLUG DESIGN
At a high-level, mmPlug module needs to translate the IoT
signal (ranging from hundreds of MHz to a few GHz) to a
suitable mmWave frequency and vice versa. However, for
this module to be practical and ubiquitously deployable, it
must be simple and energy-efficient, while allowing for plug
and play operation. Hence, our design needs to use the mini-
mum number of active components and chips. In particular,
compared to components operating at lower frequencies,
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Figure 2: mmPlug’s module design. mmPlug’s module
uses only one active component (i.e. LNA). It also includes
two mmWave patch antennas and a diplexer which are pas-
sive and can be built using metal traces on the same PCB.

mmWave components cost significantly more, and consume
much higher power. Unfortunately, this is a fundamental
problem since the power consumption of RF circuits is pro-
portional to their operating frequencies [37]. Hence, ideally,
most part of the mmPlug’s design should be passive and be
implemented as metal traces on the Printed Circuit Board
(PCB). To achieve this, we propose a novel design which
uses a single active mmWave component. Figure 2 shows
the block diagram of our design. It consists of a single LNA
(Low Noise Amplifier). It also includes two patch antennas
and a simple diplexer that allow to extract/inject the low
frequency signal from/to the mmWave circuit. A diplexer
is a passive component and can be implemented directly as
metal traces on the PCB. In this design, the coupling between
the antennas creates a feedback loop which causes the LNA
to resonate. By engineering and reshaping the coupling ef-
fect, we make sure this resonance is at the required mmWave
frequency.

In the uplinkmode, the IoT signal is fed to the loop through
the diplexer. Note that the diplexer works as a mmWave iso-
lator to ensure that the mmWave signal does not leak to the
IoT device, while the lower frequency signals pass through
it. Due to the high loop gain, the LNA is already saturated
and operates in a strong non-linear mode. Hence, it naturally
mixes the IoT signal with the mmWave resonance signal.
The result is a mmWave signal, modulated by the IoT signal.
Finally, we design a patch antenna (TX antenna) to trans-
mit the modulated mmWave signal. In the downlink mode,
mmPlug operates similar to the uplink mode. In particular,
its RX antenna receives a modulated mmWave signal from
the AP. The non-linearity of the LNA mixes the received
signal with the resonating mmWave signal, resulting in a
modulated signal at IoT’s low-frequency band. Finally, the
diplexer at the output of the LNA passes the low-frequency
signal to the IoT device. In the remainder of this section, we
will discuss our design in more detail.

3.1 Leveraging Mutual Coupling of
Antennas

The first step to translate IoT RF signals to mmWave and
vice versa is to generate a mmWave carrier signal. To do so,
our idea is to leverage mutual coupling between antennas to
cause an LNA to resonate at a specific mmWave frequency.
In particular, as shown in Figure 2, we connect the input and
output of the LNA to two antennas which are placed very
close to each other. These closely spaced antennas provide
high mutual coupling. Generally, coupling is considered as
an undesired phenomenon in any transmitter or receiver.
However, here we take advantage of it to create a feedback
loop between the output and input of the LNA, causing it
to resonate. In particular, the mutual coupling between the
antennas passes an attenuated version of the signal at the
output of the LNA to its input. Hence, as long this attenuation
is smaller than the gain of the LNA (i.e., the loop gain created
by the LNA and mutual coupling of antennas is higher than
unity), even a small signal such as thermal noise is enough
to cause the LNA to resonate and thus create the resonating
signal. Hence, we need to achieve sufficiently high mutual
coupling between the antennas to allow the LNA to resonate.
Conversely, if the mutual coupling becomes too strong, it
significantly impacts the performance of the antennas as radi-
ating and receiving elements. Therefore, the mutual coupling
has to be meticulously designed to be high enough for a loop
gain larger than one, while being low enough to not have a
significant impact on the performance of the antennas. The
amount of coupling can be adjusted through the spacing and
relative location of two antennas. In particular, by increasing
the distance between the antennas, their mutual coupling re-
duces, meaning that less signal power will be fed back to the
input of the LNA from its output. So far, we explained how
we can create a resonating signal using the antennas’ mutual
coupling and a single LNA. However, the question is how
can we make sure that the frequency of the resonating signal
is exactly at the required mmWave frequency and not any
other frequency. To answer this question, we first provide
some background on Scattering parameters (S-parameters)
and then explain our solution in detail.

Background on Scattering Parameters: Scattering Pa-
rameters (also known as S-Parameters) are used to define
the relationship between different ports of an RF compo-
nent (or a system) in terms of amplitude and phase. In fact,
S-Parameters can be used to describe the behavior of a sim-
ple system which has one port (such as antenna), or a more
complex system which has many ports. In general, 𝑆𝑛𝑚 rep-
resents the power transferred from port 𝑚 to port 𝑛 of a
system. For example, 𝑆21 represents the power transferred
from port 1 to port 2, and 𝑆11 represent the power which
is reflected by port 1 of the system. In particular, antennas
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Figure 3: A typical patch an-
tenna. it can be fabricated us-
ing metal traces on a PCB.

(a) (b)

Figure 4: Return Loss Coefficient (𝑆11) andMutual Coupling coefficient (𝑆21) of two
antennas (a) without, and (b) with antenna location optimization. By optimizing
the mutual coupling of the antennas, mmPlug ensures that the LNA and loop resonate
only at 𝑓1.

should have low 𝑆11 in their operating frequency, meaning
that they radiate most of power without reflecting it back to
the radio circuits.

We now explain our approach to configure the frequency
of the resonating signal at exactly the required mmWave
frequency and not other frequencies. The frequency of the
resonating signal is determined by the frequency response of
the two antennas. In particular, an antenna acts like a filter
that passes the signal at a specific mmWave band and attenu-
ates the other bands. Hence, the frequency of the resonating
signal will be the one at which there is the highest mutual
coupling between the antennas and also the antennas res-
onate. However, narrow-band antennas, such as microstrip
patch antennas (Figure 3) typically resonate and radiate at
two frequencies, 𝑓1 and 𝑓2. Figure 4(a) shows 𝑆11 of a typical
microstrip patch antenna. As can be seen, the antenna have
low 𝑆11 at both 𝑓1 and 𝑓2, meaning that they can resonate and
operate at these frequencies. This is due to the fact that each
microstrip antenna has a rectangular shape with width𝑊
and length 𝐿, as shown in Figure 3. Hence, at each antenna’s
resonant frequency, one edge resonates and the other one
radiates into the space.1 These resonant frequencies 𝑓1 and
𝑓2 are determined by 𝐿 and 𝑊

2 , respectively.
2

To make sure that our LNA resonates at the required fre-
quency, we design the antennas such that their main reso-
nance frequency 𝑓1 is at the required mmWave carrier fre-
quency. At the same time, to ensure that the LNA does not
resonate at the second (undesired) resonance frequency 𝑓2,
we need to locate the antennas in a way that their coupling

1Note that it is not practical to design a square patch antenna with𝑊 = 𝐿

for multiple reasons. Such an antenna would have a very low bandwidth
which is not useful for the mmWave band. Moreover its efficiency and gain
would be very low.
2Patch antennas also have a resonant frequency at 𝑓0 which is smaller than
𝑓1 and it is determined by𝑊 . However, the patch do not radiate at this
frequency, and hence this frequency is not typically considered among the
antenna’s resonant frequencies[13].

is strong at 𝑓1 and very weak at 𝑓2. Figure 4(a) shows the
mutual coupling (𝑆21) between two patch antennas which
are placed next to each other. As it can be seen, the coupling
is strong at both 𝑓1 and 𝑓2 which is not desired since it may
cause the LNA to resonate at 𝑓2. Hence, we need to find a
way to place antennas next to each other such that their
coupling (𝑆21) is strong at 𝑓1 while very week at 𝑓2 as shown
in Figure 4 (b).
To explain how we can suppress the coupling at one res-

onant frequency without impacting the other one, we first
need to understand how two antennas create mutual cou-
pling. In order to have a strong coupling between two mi-
crostrip antennas, the peaks and nodes of the electric field on
the first antenna edges should match the peaks and nodes of
the electric field of the second antenna edges. In a microstrip
antenna, a non-resonating edge will have a uniform electrical
field distribution while the resonating edge has sinusoidal
distribution. This means that at 𝑓1, the edge𝑊 has an elec-
trical field with uniform distribution and the edge 𝐿 has an
electrical field with sinusoidal distribution as shown in Fig-
ure 5(a). Similarly, at 𝑓2, the edge 𝐿 has an electrical field with
uniform distribution, and the edge𝑊 has an electrical field
with sinusoidal distribution as shown in Figure 5(b). Hence,
to reduce the coupling at 𝑓2 while keeping the coupling at
𝑓1, all we need to do is to place the two antennas such that
their𝑊 edges are facing each other with some displacement.
Specifically, we slightly shift one of the antennas along the
X-axis such that they partly face each other as shown in
Figure 5(c) and (d). Consequently, at 𝑓2, the field’s peaks and
nodes of one antenna does not match the peaks and nodes
of the other antenna, which reduces the coupling at that
frequency. At the same time, this shift does not impact the
coupling of antennas at 𝑓1 since at that frequency the electric
field on the facing edge is linear and even with a shift the
peaks and nodes of the electric fields of the first antenna and
second antenna match as shown in Figure 5(c).
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(a) at frequency 𝑓1 (b) at frequency 𝑓2 (c) at frequency 𝑓1 (d) at frequency 𝑓2

Figure 5: Patch Antenna’s electric field at different operating frequencies and antennas arrangement. Patch antennas
typically have two resonate frequency (𝑓1 and 𝑓2) which are determined by by 𝐿 and 𝑊

2 , respectively. At 𝑓1, the facing edges
of the two antennas have uniform fields, and hence any shift in the antennas positions will not impact on the coupling at
that frequency (see a and c). However, at 𝑓2, the facing edges of the two antennas have sinusoidal field, and hence a shift will
significantly reduce the coupling at that frequency since the peaks and nodes of the field do not match anymore (see b and d).

In summary, we connect the input and output of an LNA
to two patch antennas. The mutual coupling between the
antennas creates a feedback loop causing the LNA to resonate
at a specific frequency. To guarantee that the resonance
occurs at the required mmWave frequency, we adjust the
spacing and orientation of the antennas in order to reshape
their mutual coupling such that the coupling is strong at
the required frequency and weak at the other frequency. We
use this to generate a mmWave carrier signal. In the next
section, we explain how we can use this carrier signal and
the amplifier’s saturation mode to translate IoT signal to the
mmWave band and vice versa.

3.2 Leveraging Amplifier Saturation
mmPlug needs to upconvert IoT RF signals to mmWave for
uplink, and downconvert mmWave signals to the original IoT
frequency for downlink. To do so, the received mmWave sig-
nal must be multiplied by the carrier signal (i.e., the resonant
signal created by the LNA and antenna loop) to generate
the low-frequency IoT signal. It is worth clarifying that for
up/down conversion we mix the IoT signal with a mmWave
signal rather than creating the 𝑛𝑡ℎ harmonic of the IoT sig-
nal. To perform this multiplication, our approach is to rely
on the intermodulation caused by the non-linear behavior
of the LNA. LNAs are typically operated in a fairly linear
region. However, in our design the loop gain (including both
LNA gain and the antennas’ mutual coupling) is larger than
one, and thus the oscillating signal will continue growing in
amplitude until the LNA enters in saturation mode. In satura-
tion, the LNA acts as a strong non-linear component, which
creates intermodulate the IoT signal with the resonating
mmWave signal.

Figure 6: Leveraging Amplifier Saturation. The satu-
rated LNA acts as a strong non-linear component which
intermodulates the AP’s mmWave signal (at 𝑓𝐴𝑃 ) with the
loop’s resonating signal (at 𝑓𝑐 ). The result is a low-frequency
𝑓𝑐− 𝑓𝐴𝑃 signal at the IoT band, and some other high frequency
components which will be filtered out.

To analyze the output of the LNA and better understand
the non-linear effect of the LNA, we use the Taylor expan-
sion of a non-linear function. In particular, any non-linear
function (Ψ) can be written as follow:

Ψ(𝑥) = 𝑎0 + 𝑎1 · 𝑥 + 𝑎2 · 𝑥2 + · · ·𝑎𝑛 · 𝑥𝑛, (1)
where 𝑎𝑛 are the Taylor coefficients of function Ψ. Now let
us consider two signals 𝑠𝑐 (corresponding to the resonant
frequency of the loop) and 𝑠𝐴𝑃 (corresponding to the received
mmWave signal from the AP). When the sum of these signals
is present at the input of the non-linear LNA, the resulting
output can be presented as follows using Taylor expansion:

𝑦 = Ψ(𝑠𝑐 + 𝑠𝐴𝑃 ) =𝑎0 + 𝑎1𝑠𝑐 + 𝑎1𝑠𝐴𝑃 + 𝑎2 (𝑠𝑐 + 𝑠𝐴𝑃 )2 + · · ·
𝑎𝑛 (𝑠𝑐 + 𝑠𝐴𝑃 )𝑛 .

(2)
In the Taylor expansion, higher order coefficients (𝑎3 to 𝑎𝑛)

are typically very small and hence can be ignored. As a result
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the signal at the output of the LNA can be approximated as:

𝑦 = Ψ(𝑠𝑐+𝑠𝐴𝑃 ) ≈ 𝑎0+𝑎1𝑠𝑐+𝑎1𝑠𝐴𝑃+𝑎2𝑠2𝑐 +𝑎2𝑠2𝐴𝑃+𝑎2𝑠𝑐𝑠𝐴𝑃 . (3)

Figure 6 shows the frequency components of this intermodu-
lation. As it can be seen, the nonlinear behaviour of the LNA
has multiplied the receiving mmWave signal (𝑠𝐴𝑃 ) with the
oscillating mmWave signal (𝑠𝑐 ) which results in a signal at
the difference of their frequencies 𝑓𝐴𝑃 − 𝑓𝑐 and some other
high-frequency components which are filtered out. Hence,
by choosing the AP’s frequency (𝑓𝐴𝑃 ) to be equal to 𝑓𝑐 + 𝑓𝐼𝑜𝑇
and filtering the other high frequency components, the re-
sulting signal will be exactly at the IoT’s operating frequency
(𝑓𝐼𝑜𝑇 ). So far, we explained how mmPlug uses a saturated
LNA to convert a received mmWave signal to an IoT signal
(downlink). In a similar way, mmPlug can also upconverts
the IoT signal to transmit a mmWave signal. By injecting a
signal at 𝑓𝐼𝑜𝑇 into the loop resonating at 𝑓𝑐 , a signal at the
AP’s frequency of 𝑓𝑐 + 𝑓𝐼𝑜𝑇 will be generated and transmitted
via the antennas.

In summary, using a single wide-band LNA component
and exploiting mutual coupling between patch antennas and
LNA saturation behavior, we enable a simple and low-power
design for mmPlug which can be easily connected to any
IoT devices and enable them to communicate at a mmWave
frequency band.

3.3 Frequency Stability
So far we have explained how mmPlug’s module creates a
tone at mmWave band and leverages the intermodulation
to translate the IoT device’s RF signal to the mmWave band
and vise versa. However, the mmWave tone generated by
the mmPlug module is not stable since the module does not
use any reference clock or frequency stabilization technique.
Hence, the frequency of the tone suffers from a large Carrier
Frequency Offset (CFO) which varies by as much as 100 KHz
even over a short time interval (such as the duration of a
packet). This frequency variation requires correction, since
otherwise it would cause a high packet error rate. Below, we
explain how the mmWave AP can solve this issue in both
uplink and downlink.

In the uplink, we leverage the fact that mmPlug’s module
transmits both the mmWave tone and the IoT signal (𝑠 (𝑡))
at the mmWave band. Since both these two signals suffer
from the same CFO variation, the AP can simply eliminate
the CFO by mixing these two signals. In particular, we take
the square of the received signals which results in:

𝑦 (𝑡) =
{
𝑐𝑜𝑠 [𝜔 (𝑡) · 𝑡] + 𝑠 (𝑡) · 𝑐𝑜𝑠 [(𝜔 (𝑡) + 𝜔𝑠 ) · 𝑡]

}2
= 𝑐𝑜𝑠2 [𝜔 (𝑡) · 𝑡] + 𝑠2 (𝑡) · 𝑐𝑜𝑠2 [(𝜔 (𝑡) + 𝜔𝑠 ) · 𝑡] +
𝑠 (𝑡) · 𝑐𝑜𝑠 [(𝜔 (𝑡) + 𝜔 (𝑡) + 𝜔𝑠 )𝑡] +
𝑠 (𝑡) · 𝑐𝑜𝑠

[
�

��𝜔 (𝑡) −�
��𝜔 (𝑡) + 𝜔𝑠𝑡

]
= 𝑐𝑜𝑠2 [𝜔 (𝑡) · 𝑡] + 𝑠2 (𝑡) · 𝑐𝑜𝑠2 [(𝜔 (𝑡) + 𝜔𝑠 ) · 𝑡] +
𝑠 (𝑡) · 𝑐𝑜𝑠 [(2𝜔 (𝑡) + 𝜔𝑠 )𝑡] + 𝑠 (𝑡) · 𝑐𝑜𝑠 (𝜔𝑠𝑡),

(4)

where 𝜔 (𝑡) is the varying mmWave frequency, 𝜔𝑠 is the
IoT frequency, and 𝑠 (𝑡) is the IoT’s modulated signal. As
indicated in this equation, the output of the squared signal
has a low frequency component at 𝜔𝑠 which is the down
converted IoT signal without any CFO. Hence, by using a
low pass filter, we can extract the signal and resolve the CFO
variation in the uplink communication.

For the downlink, we also rely on the AP to mitigate the
CFO variation. Recall that the mmPlug module always trans-
mits its carrier signal. The AP captures this signal and uses it
to transmit the downlink signal with the same CFO variation
as the mmPlug module. Hence, the received signal at the
mmPlug module has the same CFO variation as the module’s
mmWave tone, and thus the intermodulated signal is CFO
free at the IoT device’s original band.

3.4 Diplexer Design
So far, we have explained how mmPlug leverages the mu-
tual coupling of antennas to create a loop, and causes the
LNA to generate a resonant frequency at the mmWave band.
We also explained how mmPlug forces the LNA into sat-
uration to convert modulated mmWave signals to the IoT
frequency band and vice versa. However, our design needs
to enable the IoT device to feed its low frequency signal to
the loop or extract it from the loop, without impacting the
loop itself. Otherwise, the IoT node’s RF impedance would
load mmPlug’s loop impedance and reduce the loop gain,
preventing the LNA and antennas from resonating. Said dif-
ferently, we need to probe the loop to extract or feed the IoT
signal without affecting the mmWave signal path.

To solve this problem, we design and integrate a compact,
passive component called diplexer. Our diplexer has three
ports as shown in Figure 7. Its first and second ports are
simply connected together using a transmission line, and
hence any signal (with any frequency) can pass through
them. However, on the third port, we design and include
a bow-tie structure, which is a combination of two open
ended transmission lines. The length of the bow-tie and its
location along the main transmission line is designed in a
way that at mmWave frequency, the third port of the diplexer
is isolated. Hence, mmWave signals can pass from port one
to port two without entering into port three. However, at
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Figure 7: Diplexer Design. Both mmWave and low fre-
quency signals can go from port 1 to port 2 and vice versa.
However, only low frequency signals can be passed to/from
port 3, whereas mmWave signals are isolated from port 3.

Figure 8: Our fabricated mmPlug’s module. it includes
an LNA, mmWave patch antennas, and a passive diplexer.
The design is 5 x 4.5 cm, and has a SMA connector which can
be easily connected to the antenna port of any IoT device.

lower frequencies the third port is not isolated anymore,
and hence the low frequency signal can pass from the main
transmission line (connecting port one and two) to the third
port, and vice versa.

We integrate the designed Diplexer in ourmmPlugmodule.
In particular, we connect its port 1 to the LNA output, its
port 2 to the Tx antenna, and its port 3 to the IoT module as
shown in Figure 2. This design will isolate the IoT module
from the mmWave loop and hence the IoT device will not
interfere with the loop’s resonant frequency, while enabling
both uplink and downlink communication as described in
Section 3.

4 IMPLEMENTATION
This section provides a detailed description of mmPlug’s im-
plementation and our testbed. The block diagram of mmPlug
is shown in Figure 2, where an LNA is connected to two
tightly coupled antennas and a diplexer is employed to con-
nect the IoT device to the module. Note that the LNA is the
only active component of our design. The rest of our design
consists of passive components which have no DC power
consumption and can be implemented using metal traces on
the PCB. We optimize our design to operate in the 28GHz

Figure 9: Experimental Tesbed. The end to end perfor-
mance of mmPlug is evaluated through the programmable
mmWave AP. On the node side mmPlug is connected to an
IoT node for reception and transmission.

mmWave band. For the LNA, we use the ADL9005 [11] in-
tegrated circuit from Analog Devices which is a Wideband
Low Noise Amplifier.3

We designed and simulated the antennas and the diplexer
using the ANSYS HFSS software. We integrated the LNA
with our patch antennas and the diplexer on a single small
PCB. The final PCB design is fabricated on Rogers 4003 with
8mil thickness which has low loss for high frequency signals.
Figure 8 shows the final version of our fabricated mmPlug.
Its size is 5 x 4.5 cm which is small and simple enough to be
connected to typical IoT devices (instead of their antennas)
using their SMA connector. We did not specifically optimize
the design for small size, and further miniaturization of the
design is possible if needed by specific device form factors.

We perform microbenchmark and end-to-end evaluations
to completely explore performance ofmmPlug. For themicro-
benchmark, we investigate the received signal strength and
frequency stability ofmmPlug by using the KeysightmmWave
platform [25] that has a signal generator to transmit a single
tone and a Signal Analyzer to measure the received signal
power accross spectrum. The end-to-end testbed measures
the Packet Error Rate as well as SNR and RSSI. The testbed
shown in Figure 9 consists of a Sivers EVK02001 28GHz
mmWave frontend [41] connected to an FPGA platform act-
ing as a mmWave AP for the IoT nodes. This allows the AP
to transmit and receive mmWave signals with any protocol
and the required modulation. The Sivers EVK02001 has a
maximum EIRP of 45 dBm, and includes a phased array an-
tenna which can electronically steer its beam. Finally, for IoT
nodes, we connect the mmPlug module to off the shelf IoT
modules. Specifically, we use the M0 RFM96 [4] as a 433MHz
LoRa module and the Atheros AR5B95 [1] as a 2.4GHz WiFi
module.

3Note, ADL9005 is advertised as a 26.5 GHz LNA. However, it can oper-
ate even at 28 GHz with slightly lower gain as shown in its data sheet’s
measurement section.
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Figure 10: Our Patch Antenna’s Performance (a) with-
out and (b) with our optimized antenna placement.
Placing the two antennas face to face (with some shift) suc-
cessfully changes the mutual coupling such that the LNA
resonates only at the desired frequency (i.e., 28 GHz).
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Figure 11: Our Diplexer performance over (a) low fre-
quency bands and (b) mmWave bands. At low frequency,
the design has high transmission coefficients, meaning that
the signal can pass through the loop to the IoT device and
vice versa. However, at mmWave frequency, it has a very
low transmission coefficient between port 1 and 3, i.e., the
IoT device is isolated from the resonating loop.

5 EXPERIMENTAL RESULTS
We now evaluate the performance of mmPlug and verify
its capability to enable IoT communication at the mmWave
frequency band. We conduct experiments in an indoor office
with objects such as tables, chairs and shelves to provide a
complex, realistic channel environment.

5.1 Micro-Benchmarks
5.1.1 Microstrip Antenna Performance: We first evaluate the
performance of our microstrip antenna design using the
HFSS Software. Figure 10(a) shows the matching (𝑆11) and
coupling coefficient (𝑆12) of the two antennas without using
our technique to modify their mutual coupling. This result
shows that our antennas provide a matching coefficient (𝑆11)
of less than -20 dB at our operating frequency of 28GHz and
our antennas thus resonate and operate very efficiently at

that frequency. However, the figure also shows that our an-
tennas have another resonant frequency at around 38GHz.
As discussed in Section 3.1, the coupling at the second reso-
nance should be suppressed so that it becomes lower than
the coupling at the desired frequency.
Figure 10(b) shows the matching (𝑆11) and coupling co-

efficient (𝑆12) of the two antennas using our technique to
shift their relative placement with respect to each other to
modify the mutual coupling. Comparing this figure with (a),
we can see that by shifting one of the antennas, the coupling
at the higher resonance frequency (38GHz) is significantly
reduced without impacting the coupling at our targeted op-
erating frequency of 28GHz. This result confirms that our
approach effectively ensures that the LNA resonates only at
the specific desired frequency.

5.1.2 Diplexer Performance: As discussed in Section 3.4, the
diplexer has 3 ports. At mmWave, the signal should only pass
between the LNA and antennas (port 1 and 2) and no signal
should pass to port 3 where the IoT device is connected. The
reason is to keep the mmWave signal circulating in the loop
and avoid to change the loop impedance when an IoT device
connects to it. However, the IoT signal whose frequency is
much lower than mmWave should be able to enter or exit
the loop.
We evaluate the performance of our diplexer using the

HFSS Software as shown in Figure 11. Here, subfigure (a)
shows its performance for the sub-4 GHz band, and subfigure
(b) shows its performance for the mmWave band. In these
plots, 𝑆12 is the transmission coefficient between port 1 and
2 (i.e., between LNA and TX antenna) and 𝑆13 is the trans-
mission coefficient between port 1 and 3 (i.e. between LNA
and the IoT connection port). The figure shows that 𝑆13 and
𝑆12 are high for the sub-4 GHz band, meaning that IoT signal
can pass through the diplexer from the IoT device to the loop
and vice versa as desired. However, at the 28GHz mmWave
band, 𝑆13 is very low (much lower than 𝑆12). This means that
mmWave signals can go between the LNA and the antenna
in the mmPlug loop as desired, but they cannot pass the
diplexer to enter port 3 which is connected to the IoT device.
Hence, our diplexer effectively isolates the IoT device from
the operation of the loop at mmWave frequency.

5.1.3 Loop Resonant Frequency: Next, we verify whether
our idea of using the antenna’s mutual coupling to cause the
LNA to resonate works as expected. We power up a mmPlug
module and measure the resonating signal using a N9020B
MXA Signal Analyzer. Figure 12 shows the Signal Analyzer
measurement which indicates a tone close to 28.17 GHz. This
implies that mmPlug’s module has successfully created a
mmWave tone by using a single LNA and leveraging the
antennas’ mutual coupling. Note that the small deviation
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Figure 12: mmPlug’s resonating signal. mmPlug success-
fully creates a mmWave tone around 28GHz, using a single
LNA and leveraging the mutual coupling of antennas.

from 28GHz stems from the fabrication accuracy and toler-
ance. However, this does not create any problem since slight
deviations in the resonant frequency can be compensated by
adjusting the AP’s carrier frequency, so that the frequency
difference is exactly the frequency of the low frequency IoT
band. Moreover, based on our measurements, by adjusting
the biasing voltage of the LNA in a mmPlug’s module, the
resonate frequency can be slightly (up to 80 MHz) adjusted
during the installation stage.
As we described in Section 3.3, the frequency of the gen-

erated mmWave tone is not very stable and varies over time.
Hence, we proposed a technique to compensate for this car-
rier frequency variation. Here, we examine if our approach
works. We connect a mmPlug’s module to a signal generator.
The signal generator generates a 40 MHz continuous wave
(CW) and feed to to the mmPlug’s module to tranmits it at
mmWave band. Then we capture the downconverted signal
received at the mmWave AP. Figure 13 shows the down-
converted signal with and without our correction technique.
As shown in the top figure, the signal suffers from a signifi-
cant carrier frequency variations. However, our techniques is
completely eliminating the problem as shown in the bottom
figure.

5.1.4 Module Orientation. The mmPlug module includes on-
board patch antennas which are used to transmit and receive
mmWave signals. Here, we evaluate if the orientation of the
module with respect to the AP impacts its performance. We
place a mmPlug module at 5m with respect to the mmWave
AP which is transmitting mmWave signals. We then mea-
sure the down-converted signal power at the output of the
module for different orientations with respect to the AP. Fig-
ure 14 shows the results of this experiment. For simplicity,
we normalize all received power values to the maximum
received power. As expected, the maximum received power
is when the module is facing toward the AP. However, even
when the angle is 50 degrees, the signal power is reduced
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Figure 13: CFO Correction. A continues wave signal trans-
mitted by mmPlug’s module and received by our mmWave
AP (a) without, and (b) with our CFO correction technique
described in 3.3.

-50 -25 0 25 50

Angle (degree)

-5

-4

-3

-2

-1

0

N
o

rm
a

liz
e

d
 P

o
w

e
r 

(d
B

)

Figure 14: mmPlug’s downconverted signal power ver-
sus its orientation respect to the AP. The orientation of
the mmPlug module with respect to the AP can change by as
much as 100 degrees (from −50◦ to 50◦) without significant
impact on the received power and communication perfor-
mance.

only by 3-4 dB which is not significant. This means that the
orientation of the mmPlug module relative to the AP can
change by as much as 100 degrees without significant impact
on the communication performance.

5.2 End-to-End Evaluation
We evaluate the end-to-end performance of mmPlug. To do
so, we connect mmPlug’s modules to off-the-shelf WiFi and
LoRa modules and examine whether our mmWave AP can
communicate to these modules at the mmWave band. Note
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that we make no modifications to the protocol, firmware or
chipset of the modules. We only disconnect their antennas
and connect the mmPlug module to their antenna port.

First, we evaluate the performance of mmPlug in commu-
nicating to the WiFi device equipped with a mmPlug module.
We place the WiFi node at different distances with respect
to the mmWave AP and we measure the Packet Error Rate
(PER) over 10,000 packets at the node side. We try different
WiFi coding rate and modulation schemes. Figure15 shows
the result for this experiment. The figure shows that even
at the distance of 30 m, the PER is lower than 1% for even
MCS3 with 16 QAM modulation. Note, a 1% PER is much
lower than the PER of a typical WiFi networks. This result
shows that mmPlug enables off-the-shelf WiFi modules to
successfully communicate to a mmWave AP without making
any changes to WiFi module’s protocol, chipset or firmware.

Next we examine the performance of mmPlug in enabling
a LoRa module to communicate to the mmWave AP. We
connect a mmPlug module to the antenna port of the LoRa
module and measure the PER at different distances. Based
on our initial measurement, we found that even at 30 m, the
PER was zero when calculated over 10,000 packets. Note,
this is expected since LoRa is much more robust than WiFi
and targets longer operating distances. Therefore, instead
of measuring the PER, we measure the SNR and RSSI of
the packets at the AP and the node respectively. Note that
we cannot measure the SNR at the node since the LoRa
module reports only RSSI. Figure 16 shows the result of this
experiment. The SNR at the AP is higher than -8 dB even
when the node is 30 m away from the AP. Note, this SNR is
enough for LoRa to enable PER of less than 10−5 using LoRa
spreading factor of 8 or higher [7]. In addition, the measured
RSSI at the node is higher than -80 dBm even when the node
is 30 m away from the AP. This RSSI is more than enough to
establish LoRa communication with less than 10−5 PER. Note,
we were not able to run experiments for longer distances
due to space limitation. However, this result implies that
even for longer distances, mmPlug can enable off-the-shelf
LoRa modules to successfully communicate to a mmWave
AP without making any changes to LoRa module’s protocol,
chipset or firmware.

5.3 Localization
One advantage of enabling IoT devices to operate at the
mmWave band is the ability to accurately localize them. Here
we evaluate the localization performance of the mmWave
AP in detecting the angle of mmPlug-equipped IoT nodes
in an indoor environment where possible multipath com-
ponents also exist in the received signal space. To find the
angle of the node, we implement the Angle of Arrival (AoA)
detection algorithm (similar to [29, 36]) on our mmWave AP.
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Figure 15: End-to-End Performance for theWiFi imple-
mentation. Packet Error Rate (PER) versus distance when
a mmWave AP is communicating to an off-the-shelf WiFi
device equipped with a mmPlug’s module
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Figure 16: End-to-End Performance for the LoRa im-
plementation. SNR and RSSI versus distance when a
mmWave AP is communicating to an off-the-shelf LoRa de-
vice equipped with a mmPlug’s module. Packet error rate
(PER) is less than 10−5 for all distances.

Specifically, the AP uses a codebook with 21 beam patterns
to estimate the AoA of the IoT node. We place the IoT node
at different distances and angles respect to the AP while the
AP estimates its AoA. Figure 17 (a) shows the CDF of error in
AoA estimation for these measurements. This result shows
that mmPlug enables the mmWave AP to estimate AoA of
IoT nodes with accuracy of less than a degree. Note, this
is possible since operating at mmWave enables the AP to
create different beam patterns and use them to accurately es-
timate the AoA. The AP can also use the estimated AoA from
two different locations to estimate the location of the IoT
node using triangulation. Figure 17 (b) shows the accuracy
in estimating the location when we performed our AoA mea-
surements from two phased arrays spaced by 2 m, and then
use it to estimate the location of the IoT node using triangu-
lation. The AP can estimate the location of the IoT node with
less than 40 cm error. This reported localization performance
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Figure 17: Localization performance.mmWave AP can
accurately localize IoT devices which use mmPlug’s module
instead of their antennas.

is better than existing Lora localization and similar to the
sophisticated WiFi localization techniques. Please note that
the contribution of this paper is not advancing localization
algorithms, however, these results show that enabling IoT
devices to operate at mmWave band provides opportunities
to accurately localize them. In fact, one can further improve
our localization accuracy using state-of-the art localization
techniques.

5.4 Energy Consumption
We now measure the energy consumption of the mmPlug
module, and compare it with prior low power mmWave sys-
tems for IoT applications. The only active component used in
mmPlug is an LNA which draws 59mA.4 Table 1 compares
mmPlug with past low-power mmWave systems for IoT in
terms of energy efficiency, and other factors such as data-
rate, operating range and capabilities. For a fair comparison,
the energy efficiency of all systems are reported for 100Mbps
data rate, and include only the energy consumption of their
4For comparison, a traditional approach to translate a low-frequency signal
to mmWave band and vice versa is to use a VCO (such as HMC732 [10]),
and up and down converters (such as ADMV1013 [9] and ADMV1014 [8]).
However, such a design draws more than 1A in total which is significantly
higher than the current consumption of a mmPlug’s module.

mmWave front-ends. mmPlug consumes 59mA, with a volt-
age of 8.5V which results in 501.5mW power consumption.
Considering 100Mbps data rate, the energy consumption of
mmPlug is 5.015nj/b. The results shows that the energy ef-
ficiency of mmPlug is lower than mmX and slightly higher
than mmTag. However, it worth mentioning that mmTag
is a backscatter system and hence has significantly lower
range and capabilities. In particular, mmPlug can enable an
operating range of 30m or more, depending on the SNR re-
quirements of the IoT device. For a better understanding,
a sub-6GHz IoT device like WiFi consumes 17.5nj/b which
is higher than mmPlug. Furthermore, past systems such as
mmX and mmTag provide only uplink communication, and
require their own modulation schemes (such as FSK and
ASK) and new MAC protocols. In contrast, mmPlug provides
both uplink and downlink, and it operates as a plug-and-play
module which can be seamlessly connected to existing and
future commodity IoT devices.

6 DISCUSSION
In this work we explained how mmPlug enables IoT devices
to operate in mmWave bands. Here we discuss how a net-
work of IoT devices equipped with mmPlug modules will
operate. Such an mmPlug IoT network not only enables com-
munication based on the original PHY and MAC protocol of
the IoT technology but also benefits from SDMA provided by
mmWave technology. In particular, since our module works
as a plug-and-play IoT add-on, devices do not even notice
that they are operating in a mmWave band and can continue
to take advantage of their own MAC protocol. At the same
time, since they operate at the mmWave frequency over the
air, the AP can simultaneously create beams toward multiple
of them for SDMA. We will discuss both techniques in more
detail bellow:
IoT Multiple Access Protocol: Today’s IoT devices use
different MAC protocols to enable multiple nodes to com-
municate to a single AP. One advantage of mmPlug is that
it is technology agnostic, meaning that it can work with
any IoT device regardless of its MAC protocol. Hence, even
when mmPlug is used, the IoT devices can still use their own
MAC protocol to support multiple nodes as shown in our
evaluation.
SDMA:The SDMA is one of the advantages of usingmmWave
communication. It stems from directional communication
at mmWave, where the AP can generate a beam and steer
toward the proper direction to communicate with a device.
This is possible since the mmWave signal has a very short
wavelength and thus small antenna elements. Hence, by us-
ing a large array of antennas, the AP can create multiple
narrow beams toward multiple IoT nodes. This enables the
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System Name Energy Efficiency (nJ/bit) Operating Range (m) Uplink Downlink Plug-and-Play Compatibility
mmPlug 5 > 30 Yes ✓ Yes ✓ Yes ✓

mmTag [31] 2.4 8 Yes ✓ No ✗ No ✗

mmX [30] 11 18 Yes ✓ No ✗ No ✗

Table 1: Performance comparison of mmPlug with past low-power mmWave communication systems for IoT.

AP to send different data to each beam, supporting all nodes
simultaneously.
FDMA: The other advantage of mmWave is to provide a
significantly large bandwidth that can be channelized and
allocated to many users through FDMA. In this scheme, each
user must be able to transmit and receive in the allocated
frequency channel. The current design of mmPlug allows the
node to change its working frequency for fewMHz by chang-
ing the biasing voltage of LNA. However, it is not enough to
cover the whole band width of mmWave band. As a future
direction of this work, one can add full frequency tunability
to mmPlug by adding varactor diodes to the microstrip an-
tennas. By changing the biasing voltage of the varactors, the
resonance frequency of mmPlug will change to the desired
operating band at mmWave.
RTT: Finally, it is worthmentioning that due to compatibility
of mmPlug with existing protocols such as WiFi and LoRa,
one can also measure Round Trip Time (RTT) of packets to
estimate the range of the IoT device from the access point.

7 RELATEDWORK
Past work on mmWave mostly focuses on applications that
require very high-data-rate links, while having substantial
energy and computing power [22–24, 28]. For example, the
systems presented in [14, 19] utilize mmWave technology
in data centers to enable high throughput links between
server racks. There is also work in using mmWave for 5G
applications [16, 35, 38] and sensing applications [18, 33].
Finally, some other systems use mmWave to enable high
data rates for VR applications to stream high quality video
from a PC to VR headset [2, 15]. In contrast to past work, this
paper focuses on designing a very low-power, simple module
to bring mmWave technology to any IoT devices. The closest
past work to this paper are the systems presented in [30, 31],
which propose low-powermmWave communication systems.
However, these systems only enable uplink communication
and does not provide a downlink. Moreover, these systems
have their ownMAC protocols and modulation schemes, and
hence they cannot be used as a plug-and-play module for
existing IoT devices. There is also some work on mmWave
backscatter tags for road sign assistance [42], and passive
RFID tags at mmWave [5, 27, 34]. However, these system
target accurate localization and sensing applications, and
hence do not support uplink or downlink communications.

Moreover, they cannot be connected to IoT devices as a plug-
and-play module.

Finally, circuit non-linearity has been used in past work for
other applications. For example, ReMix uses a circuit’s non-
linearity to mix two low-frequency signals, enabling in-body
backscatter Communication and Localization [44]. Backdoor
uses Alexa’s circuit non-linearity to make its microphones
hear inaudible sounds [39]. In contrast to past work, mm-
Plug forces an LNA to work in its saturation mode to enable
strong non-linear behavior, translating mmWave signals to
low-frequency IoT and vice versa. Moreover, mmPlug com-
bines this behavior with mutual coupling of antennas. Some
past works have proposed changing an antenna’s matching
design. For example, 𝜇MedIC has presented a re-configurable
antenna design which can shift its resonant frequency, allow-
ing efficient harvesting and communication [3]. However,
this system focuses on the sub-GHz band, and does not use
mutual coupling of antennas to generate resonating signals
using an amplifier.
In contrast to all past work, mmPlug introduces the first

plug-and-play module which brings mmWave technology
to IoT devices. mmPlug is the first system which leverages
an antenna’s mutual coupling and an amplifier’s saturation
mode to translate mmWave signals to lower-frequency IoT
signals using a single low-noise-amplifier.

8 CONCLUSION
In this paper, we presented mmPlug, a small, low-power,
simple and plug-and-play device which brings mmWave
technology to existing IoT nodes. mmPlug enables IoT de-
vices to take advantage of the large bandwidth and short
wavelength of mmWave signals and high directionality of
mmWave antennas, which is essential to enable the vision of
massive IoT deployments. The simple and low-power design
is made possible through an innovative RF design with only
a single active component, together with multiple passive
components which can be fabricated using metal traces on
the PCB. The mmPlug module can be simply connected to
IoT devices instead of their antennas using an SMA connec-
tor. mmPlug achieves such design simplicity by leveraging
the antennas’ mutual coupling and amplifier saturation to
translate mmWave signals to IoT RF signals and vice versa.
Our evaluation and experimental results show that mmPlug
enables robust mmWave communication links between a
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mmWave AP and existing IoT devices (such as LoRa and
WiFi), even when the AP and the IoT device are 30 m away.
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