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Abstract
Wireless communication remains the most power-intensive opera-
tion in embedded systems. Decades of research have enabled radio
transmitters to operate at power levels as low as tens of µWs while
maintaining practical communication ranges. However, achieving
power-efficient reception over similarly useful distances has received
significantly less attention. State-of-the-art low-power receivers typ-
ically rely on Schottky diode-based envelope detectors, which are
inherently limited in sensitivity and unable to support complex mod-
ulation schemes. We introduce SoMix, the Single Oscillator Mixer
receiver, a novel architecture that uses tunnel diode oscillators to
overcome these limitations. Specifically, we demonstrate the auto-
dyning property of tunnel diode oscillators, allowing a single circuit
to generate both a carrier signal and perform signal downconver-
sion, thus merging two traditionally power-hungry analog tasks
into one energy-efficient step. The SoMix front-end consumes less
than 100 µW while supporting high-sensitivity reception. Through
injection-locking, SoMix stabilizes its tunnel diode oscillator using
even a weak external carrier signal, allowing it to receive frequency-
modulated transmissions from distances greater than 100 meters
in line-of-sight environments. We also demonstrate that the SoMix
exhibits robustness in complex real-world scenarios. SoMix outper-
forms state-of-the-art receivers in power, range, and functionality.

CCS Concepts
• Hardware → Sensor devices and platforms; Wireless devices;
Networking hardware; • Computer systems organization → Sen-
sor networks.
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Figure 1: SoMix uses the autodyning property of the tunnel diode oscillator to
receive frequency-modulated signals at distances exceeding 100m from the trans-
mitter. To enhance the stability of the tunnel diode oscillator, SoMix uses a carrier
signal for injection-locking. The receiver can also be positioned more than 100m
away from the carrier emitter device in a line-of-sight environment. The SoMix
front-end operates at a power consumption below 100 µW.
Missing Link in Low-power Communication: An Autodyning Receiver Ar-
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1 Introduction
Wireless communication consumes significantly more power than
sensing and processing in embedded systems [1–5]. This disparity
leads to frequent battery replacements [6], increased maintenance
efforts, and higher deployment costs [7]. Consequently, significant
efforts have been made to mitigate this challenge, focusing on im-
proving the power efficiency of radio transmitters [3, 8–14].

Early efforts to mitigate the power challenge resulted in the design
of radio duty cycle mechanisms [15–19], which aimed to maximize
the inactive period of transceivers. Recent approaches reduce trans-
mitters’ active power through the backscatter mechanism. Today,
after decades of effort, state-of-the-art (SoTA) backscatter trans-
mitters achieve a power consumption comparable to sensing and
processing, even while adhering to standard protocols [9, 10, 12, 20].

Communication involves both transmission and reception, yet
the challenge of improving receiver power efficiency while main-
taining a practical range for embedded applications remains largely
unaddressed. Several factors contribute to this gap. First, classical
embedded applications focus primarily on sense and transmit [6, 21],
leading to extensive research on power-efficient transmitters. How-
ever, this emphasis is increasingly misaligned with the needs of
emerging devices such as earphones [22] and mixed reality head-
sets [23–25], which rely heavily on reception. Second, receiver ar-
chitectures are inherently complex, comprising multiple stages of
analog circuits. Unlike digital components, analog circuits have not
experienced significant improvements in power efficiency [26–28].
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Additionally, decoupling digital and analog components has enabled
power-efficient backscatter designs for transmitters, but receivers
have lacked similar breakthroughs due to fundamental challenges of
separating analog circuits from the receiver architecture.

Let us examine a receiver architecture. Incoming radio waves are
captured by the antenna and amplified through a low-noise ampli-
fier (LNA). The amplified signal then undergoes downconversion
via a mixer, where a high-frequency oscillator generates a reference
signal. This process, known as heterodyning, produces an interme-
diate frequency (IF) signal. The IF signal is further amplified and
processed to extract the baseband signal, which contains the trans-
mitted information. Finally, an analog-to-digital converter (ADC)
digitizes the baseband signal. Each stage relies on analog circuitry,
which consumes a significant amount of power [29, 30].

We introduce SoMix, a rethinking of the receiver architecture that
consolidates multiple analog stages into a single step, while allowing
the offloading of energy-intensive operations to external infrastruc-
ture. This is made possible by using a tunnel diode oscillator (TDO),
which we demonstrate exhibits an autodyning property, central to the
design of the SoMix. This property enables SoMix to achieve signal
reception at distances greater than 100m in line-of-sight from both
the transmitter and the carrier emitter device (CED), representing
at least an order-of-magnitude improvement over SoTA. Figure 1
provides an overview of a deployment with SoMix.
Design. The SoMix receiver is built around the use of a tunnel diode.
A tunnel diode, with its heavily doped P-N junction, exhibits a re-
gion of negative resistance (RNR) due to quantum tunneling. This
effect occurs at low voltages and currents, resulting in biasing power
consumption on the order of tens of µW [31]. Furthermore, tunnel
diodes are well-suited for operation at radio frequency (RF) frequen-
cies. Using these unique properties, recent efforts have explored
the design of low-power communication mechanisms [11, 32–35].
SoMix builds on these efforts to conceptualize a low-power receiver
architecture. Let us examine the steps performed by SoMix.

The first step in a receiver involves converting incoming radio
waves into electrical signals using an antenna. In conventional re-
ceivers, these signals are then amplified by an LNA to ensure suf-
ficient strength for subsequent mixing and downconversion stages.
Since LNAs operate at RF, they tend to be power-intensive. To avoid
this, receivers—such as those based on envelope detectors—bypass
the LNA stage and instead use Schottky diodes for rectification. How-
ever, it limits receiver sensitivity, requiring strong signals (approx.
−54 dBm) due to the physical limitations of the diodes [36].

SoMix uses tunnel diodes, which offer a favourable trade-off be-
tween conventional LNA-based designs and Schottky diode-based
receivers. Tunnel diodes are receptive to much weaker signals, en-
abling the detection of signals below the threshold detectable by
Schottky-based envelope detectors, even without any amplification
stage. Their biasing power-consumption is in tens of µWs. This en-
hanced sensitivity makes them particularly suitable for scenarios
involving inherently weak signals, such as GPS reception [37], or for
long-range communication, which is the motivation behind SoMix.

The receiver must convert the signal to an IF or baseband signal.
Envelope detectors typically do not perform downconversion. In
conventional receivers, this step involves mixing the incoming sig-
nal with a locally generated carrier signal using a mixer. In SoMix,

System Radio
External
Carrier
(dBm)

Bitrate
(bps)

Sensitivity
(dBm) Prototype

Power
Draw
(𝜇𝑊 )

EPB
(nJ/bit)

SoMix * (2025) OOK/FSK -70 up to 10K -70 PCB 250 25.0

𝜇Mote (2023) [40] LoRa
-48
/-43

1K
/5K

-48
/-43 PCB 62

62.0
/12.4

passiveDSSS (2022)
[40, 41] DSSS -46 1K -46 PCB 395 395.0

Saiyan (2022) [40, 42] LoRa - 1K
-43
/-86

PCB
/IC Simu

466
/93

466.0
/93.0

MIXIQ (2021) [29] WiFi -52 1125K -52 PCB 365 0.3

802.15.4 Rx (2018) [43] 802.15.4
-7
/-14 250K

-8
/-48

IC Simu
/IC Simu IF amp

286
/361

1.1
/1.4

BLE Rx (2017) [44] BLE 3 1M -8 PCB - -
WISP5 ED (2017) [44] OOK - 1K -28 PCB 787 787.0

WuRx IC ED (2025) [45] OOK - 10K -104 65nm CMOS IC 225 22.5
WuRx IC ED (2018) [46] OOK - 63K -72 14nm CMOS IC 95 1.5
WuRx IC ED (2017) [47] 2FSK - 31.3K -72 65nm CMOS IC 335 10.7
WuRx IC ED (2016) [48] OOK - 10K -97 65nm CMOS IC 99 9.9

WuRx IC ED (2014) [49] OOK -
1K
/100K -86 90nm CMOS IC

64
/146

64.0
/1.5

Table 1: Bit rate, receiver sensitivity, power draw and energy per bit of SOTA radios.
SoMix achieves high-sensitivity due to the tunnel diode’s ability to receive a signifi-
cantly weaker signal than a Schottky diode.

we configure the TDO to function as both the local oscillator (LO)
and the mixer. However, to achieve low power consumption, we
trade-off TDO stability, resulting in a noisy carrier signal prone to
drift [11, 38]. To mitigate this, we delegate the task of stabilizing
the TDO to the infrastructure using the injection-locking phenome-
non [11]. When two oscillators operate at similar frequencies, they
can injection-lock and synchronize to a common frequency [39]. In
SoMix, commodity devices generate a carrier signal that injection-
locks and stabilizes the TDO, significantly improving its phase noise
and frequency stability. Due to the high sensitivity of the tunnel
diodes, injection locking is possible even when the CED is placed at
a substantial distance (exceeding 100m) from the receiver SoMix,
ensuring a stable and precise LO for the downconversion process.

The stabilized carrier signal from the TDO must be mixed with
an incoming signal to perform downconversion and generate an IF
signal. Typically, this process requires power-intensive mixers, and
handling weak signals poses additional challenges. Due to its non-
linearity, we demonstrate that the TDO can perform downconversion
to an IF signal. This process, known as autodyning, enables a single
circuit to generate both the carrier signal and the downconversion.
This reduces the power consumption and complexity of the SoMix.

The IF signal may require amplification prior to digitization. To
address this, we systematically examine the trade-offs between gain
and power consumption and design an optional IF amplification
stage that provides high gain while maintaining low-power consump-
tion. The final step involves digitizing the IF signal, for which we
implement a thresholding circuit that transforms Frequency Shift
Keying (FSK) signals into amplitude-modulated signals, enabling
recovery of the transmitted information. Together, SoMix achieves a
sensitivity improvement of approximately 20 dB over conventional
Schottky diode-based designs, as summarized in Table 1.

• The SoMix downconverts signals received from transmitters that are
located up to 54m away in complex non-line-of-sight (NLoS) envi-
ronments and more than 100m in line-of-sight (LoS) environments.

• SoMix can function without an emitter device, when a transmitter
provides an unsuppressed carrier. Under these conditions, it achieves
a range of more than 100m in a LOS environment.

2 Background
We provide background relevant for SoMix and contextualize it with
previous work. We start with discussion on receiver architecture.
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Figure 2: (a) Conventional receivers use a heterodyne architecture that relies on multiple energy-intensive analog stages. (b) Vanilla envelope detectors remove these analog
stages by using Schottky diode-based rectifiers to extract the amplitude of received signals, but they suffer from poor sensitivity and cannot support complex modulation. (c)
External local-oscillator receivers improve upon envelope detectors by enabling complex modulation, but they require proximity to the CED and still offer poor sensitivity. (d)
SoMix introduces an autodyne architecture that replaces these complex analog stages with a single, energy-efficient stage implemented using a TDO.
Receiver architecture. A super-heterodyne receiver employs a
pipelined architecture, as illustrated in Figure 2a. The receiver’s
analog front-end begins with a bandpass filter, eliminating out-of-
band signals. This is followed by an LNA to improve the strength
of the incident signal. The amplified signal is fed into a three-port
mixer, where a local-oscillator provides the second input, and the
output is taken from the third port. The mixer performs downcon-
version by combining the received signal with the high-frequency
local-oscillator signal, producing an IF signal. Finally, the IF signal
is digitized and processed for baseband extraction. The analog front-
end, particularly the mixers and oscillators, results in high power
consumption, which we address by using tunnel diodes.
Envelope detectors. Efforts to allow low-power reception focus
heavily on envelope detector designs. An envelope detector consists
of an antenna that is matched and connected to a diode-based rectifier,
which converts incoming radio waves into electrical signals. Often,
the signal undergoes further amplification through charge-doubling
topologies such as the Dickson charge pump [50], Cockcroft-Walton
multipliers. This approach tracks the energy of the incoming signal
by extracting its amplitude. Next, this rectified signal is digitized
using a thresholding circuit designed using comparators (akin to 1-bit
ADC). Therefore, envelope detectors eliminate the energy-intensive
steps of a conventional receiver architecture, as shown in Figure 2b.

Although envelope detectors are passive, they have limitations.
The Schottky diode exhibits poor sensitivity, making it challenging
to extract weak signals (−54 dBm). Furthermore, envelope detectors
cannot perform the downconversion required to extract the IF sig-
nal. As a result, they can only support simple modulation schemes,
such as On-Off Keying (OOK), as they cannot capture phase and
frequency information from the received signal. In contrast, state-
of-the-art low-power transmitters often employ complex modulation
techniques to achieve higher data rates [9, 51]. This mismatch makes
envelope detector-based receivers a bottleneck, limiting the overall
communication capabilities of the embedded system.
Enhanced envelope detectors and Wake-up receivers. Recent
efforts have extended the use of envelope detectors to support the
reception of FSK [47] and chirp spread spectrum (CSS) signals [42].
However, they remain limited by their reliance on extracting and am-
plifying only the signal envelope, which prevents them from utilizing
IF signals and fully supporting complex modulation schemes.

The envelope detectors form the basis for Wake-up Receiver
(WuRx). As shown by the performance listed in Table 1, their sensi-
tivity can be improved from −72 dBm to −104 dBm by incorporating
IF amplification stages. Due to the power efficiency of the integrated
circuits, the WuRx receivers operate at a power consumption of less
than 100 µW. However, this combination of low-power consumption
and high sensitivity often comes at the cost of a limited bit rate.
Although some wake-up receivers may exceed SoMix in sensitiv-
ity, it is notable that SoMix, even when implemented with discrete
components, achieves comparable sensitivity—indicating the poten-
tial for further improvement when realized as an integrated circuit.
Moreover, SoMix may support complex modulation schemes such as
FSK, CSS, and higher bitrates, as also supported by our experiments.
External local-oscillator architecture. SoMix is closely related
to receiver architectures that leverage the non-linearity of Schottky
diodes to receive complex modulated signals while maintaining a
low-power consumption. A CED provides the carrier signal, which,
due to the Schottky diode’s non-linearity, is mixed with the received
signal, resulting in the downconversion and generation of an IF sig-
nal. Ensworth et al. [44] designed a receiver compatible with the
Bluetooth standard with a sensitivity of only −8 dBm with a carrier
strength of 3 dBm, resulting in a range of a few meters. Penichet et al.
designed an IEEE 802.15.4 receiver, but due to poor sensitivity, both
the transmitter and the CED must be within tens of centimeters of the
receiver [43]. Rostami et al. introduced a WiFi-compatible receiver
that supports high data rate but has a limited range of a few tens of
meters [29]. Li et al. achieved passive spread of the direct sequence
spread spectrum (DSSS) signal by employing another channel to
carry the synchronized spreading code, with an improved sensitivity
of −45 dBm but a limited data rate [41]. Song et al. proposed the
use of a pair of twin up chirps for CSS signal reception, achieving
sensitivity and capability similar to LoRa. [40]. The low sensitivity
and proximity requirements of CED restrict application scenarios
for these receivers. In contrast, SoMix allows downconversion of sig-
nals as weak as −70 dBm, achieving a range exceeding 100m, even
when the CED located up to 100m apart. Thus, SoMix significantly
expands the range of possible application scenarios.
Commodity FSK receivers. We conducted a survey of commercial
transceivers; among them, the Texas Instruments CC1101 and the
Semtech SX1211 stand out in terms of sensitivity and power con-
sumption. The SX1211 achieves a sensitivity of up to −107 dBm,
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Figure 3: Tunnel diodes exhibit a region of negative differential resistance at low
bias voltages and peak current levels, resulting in low-power consumption. We
illustrate this characteristic for the specific tunnel diode in SoMix (GE 1N3712).

while the CC1101 reaches −112 dBm at a data rate of 1.2 kbps. How-
ever, both receivers draw several milliamperes of current, resulting
in a power consumption of at least 10 mW at 3.3V. These receivers
consume at least an order of magnitude more power than SoMix,
trading power efficiency for higher sensitivity.
Tunnel diode systems. A tunnel diode is a semiconductor device
that exhibits negative resistance characteristics (NRC) in its current-
voltage (I-V) curve, as shown in Figure 3. This unique property,
where the current decreases as the bias voltage increases, arises from
the quantum tunneling effect of tunnel diodes. The NRC makes
tunnel diodes valuable for RF applications, such as reflection ampli-
fiers [34, 52], low-power transmitters [11], and backscatter transmit-
ters [34, 53]. Within this negative resistance region, small changes
in the input voltage result in significant changes in current, allowing
the sensitive detection of weak RF signals. This property enables
tunnel diodes to efficiently rectify and detect low-level signals, as
well as receive and injection-lock weak carrier signals.

Tunnel diodes have been used in communication systems for over
a half century [54, 55]. Early designs explored their application in
amplifiers [55], while others investigated their use in FM-broadcast
transmitters [54]. However, their low output power and the chal-
lenges of working with a two-terminal device instead of a three-
terminal transistor led to their decline. We build on these earlier
efforts, recognizing that the limitations once considered now make
tunnel diodes suitable for energy-constrained embedded systems.

There has been a growing interest in tunnel diode-based low-
power communication mechanisms. Amato et al. designed a re-
flection amplifier capable of backscattering a 5.8 GHz signal over
several kilometers [33, 52]. Varshney et al. demonstrated a reflection
amplifier that enabled multi-floor communication using a 2-FSK
modulation [34]. Dong et al. used a tunnel diode to relay the GPS
signal, improving its propagation in indoor environments [37]. Thad-
deus et al. explored the unstable nature of tunnel diode oscillator
(TDO) for vital health sensing [38]. Mir et al. designed a low-power
relay to transmit optical signals [35]. Building on these efforts, we
designed a low-power oscillator. SoMix is most closely related to
Judo, which demonstrated the self-oscillating mixing (SoM) property
of TDOs to design a transmitter [11]. SoMix introduces, for the first
time, the auto-dyning property of TDOs, enabling energy-efficient
long-range reception. SoMix and Judo can work together to allow a
transceiver design, which we discuss in Section 5.

3 Design
Embedded deployments employing a SoMix receiver consist of a
CED, transmitters that send information, and devices equipped with
the SoMix receivers. The process begins with the generation of a car-
rier signal by the TDO, which is stabilized through injection-locking
using an carrier signal from the CED. The inherent non-linearity of
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Figure 5: The SoMix front-end consists of a tunnel diode coupled with a resonant
circuit, forming a TDO. This front-end exhibits an autodyning property, enabling
the downconversion of incoming signals to IF signal under 100 µW power.
the tunnel diodes give rise to the autodyning property, allowing a
single component to function as both the local oscillator and mixer,
downconverting the incoming signal to an IF signal. Due to the sen-
sitivity of the tunnel diode to weak radio signals, both the transmitter
and the CED can be placed at significant distances from the device
equipped with SoMix receiver. Figure 1 provides an overview of the
embedded deployment, Figure 4 shows the receiver block diagram,
and Figure 5 illustrates the SoMix front-end schematic.

3.1 Carrier Signal Generation and Stability
A local oscillator (LO) generates the carrier signal which is used
to downconvert the received signals through mixers. While low-
frequency oscillators used for baseband signal generation consume
minimal power [9, 13, 14], high-frequency oscillators needed for the
generation of carrier signals are power-intensive [8, 13]. SoMix uses
TDO to generate the high-frequency carrier signal at lower-power.
Tunnel diode oscillators. When biased in the RNR and coupled to a
resonant circuit, the tunnel diode generates oscillations [31, 34, 35,
38]. The TDO frequency can be tuned by adjusting the parameters
of the resonant circuit. Due to the characteristics of tunnel diodes,
carrier signals can be generated with a power consumption of the
tens of µW [11, 34, 35]. Specifically, the TDO used in this work,
based on the GE1N3712 tunnel diode [56], consumes less than
60 µW power consumption when biased in the RNR.
Carrier signal stability. Reliable communication requires stable car-
rier signals from the LO. The TDO trades off stability for low-power
resulting in a high phase noise [34]. In addition, their frequency
drifts due to environmental changes [11], nearby movements [38].
An analysis of the small-signal model of the reveals that its NRC
depends on the shunting effect of the junction capacitance, which
varies with frequency [31]. The effective negative resistance is:

𝑅𝑛𝑟
′ =

𝑅𝑛𝑟

(2𝜋 𝑓𝐶𝑑𝑅𝑛𝑟 )2 + 1
(1)

Here, 𝑅𝑛𝑟 ′ represents the effective negative resistance, 𝑅𝑛𝑟 is the
tunnel diode’s intrinsic differential negative resistance, 𝑓 is the
frequency, and 𝐶𝑑 is the junction capacitance. As frequency in-
creases, the effective negative resistance decreases. The stability
condition [57, 58] is expressed as:

𝐿𝑇

|𝑅𝑛𝑟 ′ |𝐶𝑑
< 𝑅𝑇 < |𝑅𝑛𝑟 ′ | (2)
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Figure 6: Due to the autodyning property of TDO, the received signal, the carrier
signal, mixing products, and the IF signal are visible on the RF spectrum.
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Figure 7: Injection-locking of the front-end improves TDO stability, and results in
a stable IF signal even in the presence of motion in the vicinity of the front-end.

where 𝐿𝑇 and 𝑅𝑇 are the inductance and resistance of the lump
circuit, including parasitic effects. This inequality becomes difficult
to satisfy at higher frequencies, such as those used in embedded
communication (sub-1 GHz, 2.4 GHz), posing challenges to stability.
Injection-locking to improve stability. To enhance the stability of
the TDO, SoMix leverages the injection-locking phenomenon [11,
59]. Injection-locking occurs when two oscillators with similar res-
onant frequencies are coupled, causing them to synchronize and
oscillate at the same frequency. In SoMix, when a CED generates a
signal near the TDO’s resonant frequency, the TDO locks onto this
external carrier signal. This synchronization improves TDO’s stabil-
ity, enabling the SoMix front-end to generate a stable local carrier
signal. The minimum signal strength required for injection-locking
depends on the frequency difference between the TDO and the ex-
ternal carrier signal. This minimum is directly proportional to the
injection current necessary to alter the frequency and is represented
as follows.

𝐼𝑖 ≈ 2𝑄𝐼𝑜
|𝑓0 − 𝑓𝑐 |

𝑓0
(3)

where 𝐼𝑖 is the minimum injection current, 𝐼𝑜 is the oscillator output
current, 𝑄 is the quality factor, 𝑓0 is the TDO’s resonant frequency,
and 𝑓𝑐 is the external carrier signal frequency. A weak signal near
the TDO’s resonant frequency can achieve injection-locking [11].
Our observations show that the SoMix front-end can injection-lock
with a signal of approximately -70 dBm, even when offset by a few
hundred kilohertz from the TDO’s resonant frequency.

3.2 Autodyne Mixing for Downconversion
The autodyne property of the TDO is the key to enable SoMix.
This property allows the TDO to generate the carrier signal and
downconvert the received signal in a single step, eliminating complex
and energy-expensive mixer component.

(a) Front-end

Emitter

Transmitter

Combiner

 Spectrum 
  Analyzer 

Receiver
Frontend

(b) Cabled Experimental Setup
Figure 8: We conduct controlled experiments using a cabled setup to characterize
the SoMix front-end, with a focus on evaluating its sensitivity and conversion-loss.
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Figure 9: SoMix can receive and downconvert signals as weak as -70 dBm in
our controlled experiments using a cabled setup. Additionally, the strength of the
downconverted signal increases linearly with the strength of the incident signal,
indicating that the conversion loss remains stable across input signal strengths.
Understanding non-linearity and role in downconversion. To
understand how the non-linearity of tunnel diodes helps with down-
conversion, we can model the current that flows through the tunnel
diode [60] and write it as follows.

𝐼 (𝑉 ) = 𝐼𝑡 + 𝐼𝑥 + 𝐼𝑑 =
𝐼𝑝𝑉

𝑉𝑝
𝑒

(
1− 𝑉

𝑉𝑝

)
+ 𝐼𝑣𝑒

𝑝(𝑉 −𝑉𝑣 ) + 𝐼0𝑒
𝑞𝑉

𝑘𝑇 (4)

• 𝐼𝑡 is the tunneling current, dominant for 𝑉 < 𝑉𝑣 ,
• 𝐼𝑥 is the excess current, significant near 𝑉𝑣 ,
• 𝐼𝑑 is the diffusion current, dominant for 𝑉 > 𝑉𝑣 .

Here, 𝐼𝑝 is peak current,𝑉𝑝 peak voltage, 𝐼𝑣 valley current,𝑉𝑣 valley
voltage, 𝑝 a prefactor constant for the excess current, 𝐼0 saturation
current, 𝑞 charge of an electron, and 𝑘𝑇 thermal voltage. While the
model overestimates the current, it offers a method to analyze the
mixing properties of the tunnel diode.

The first term 𝐼𝑝

(
𝑉
𝑉𝑝

)
𝑒
1− 𝑉

𝑉𝑝 models the negative resistance be-
havior. We can expand it using the power series expansion of 𝑥𝑒−𝑥 =
𝑥−𝑥2+ 𝑥3

2! −
𝑥4

3! +
𝑥5

4! +.... and use the approximation 𝑥𝑒−𝑥 ≈ 𝑥−𝑥2+ 𝑥3

2
as the high-order terms fall off with 1

𝑛! . Assuming𝑉𝑟 = 𝑠𝑖𝑛(2𝜋 𝑓𝑟 𝑡 ) is
the received RF signal and𝑉𝑐 = 𝑠𝑖𝑛(2𝜋 𝑓𝑐𝑡 ) corresponds to the carrier
signal generated by the TDO circuit, the input signal applied to the
diode is the sum of above two signals 𝑉𝑟 +𝑉𝑐 . Then, the output volt-
age is proportional to the current flowing through the diode, which
can be written as:

𝑉𝑜 ≈ 𝑐

(
(𝑉𝑟 +𝑉𝑐 ) −

1
𝑉𝑝

(𝑉𝑟 +𝑉𝑐 )2 +
1

2𝑉 2
𝑝

(𝑉𝑟 +𝑉𝑐 )3
)

(5)

where, 𝑐 is a constant that accounts for the load impedance. The
peak current (𝐼𝑝 ) and the peak voltage (𝑉𝑝 ) define the RNR. For the
GE 1N3712 tunnel diode used in our design, 𝐼𝑝 is 1mA and 𝑉𝑝 is
65mV. In addition to the two original signals 𝑉𝑟 +𝑉𝑐 , it includes the
second and third-order terms, indicating that a group of harmonics
and intermodulation products are generated. In second-order prod-
ucts, we get the harmonics at 2𝑓𝑟 , 2𝑓𝑐 , the high-frequency component
at 𝑓𝑟 + 𝑓𝑐 , as well as the low-frequency component at 𝑓𝑟 − 𝑓𝑐 that
correspond to the downconverted IF signal 𝑓𝑑 .
Illustrating downconversion. As shown in Figure 5, the TDO port
serves two distinct functions. It receives the reception (target) signal,
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(a) IL Signal Strength= -40 dBm
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(b) IL Signal Strength= -30 dBm
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(c) IL Signal Strength= -20 dBm
Figure 10: The autodyne process in the TDO introduces conversion loss, resulting in a weaker downconverted signal compared to the received signal. This loss depends on
several factors, including the strength of the injection-locking signal, the received signal, the frequency difference between the received signal and the IL signal.
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Figure 11: The SoMix front-end remains injection-locked and is not pulled toward
the received signal, even as the received signal strength increases. This is evidenced
by the stable frequency of the downconverted signal. Additionally, the strength of
the downconverted signal scales linearly with the received signal strength.

and the same port is also used to extract the downconverted IF signal.
We experimented to show the feasibility of the circuit to perform
these operations. We generate the carrier signal using the TDO and
then have a reception signal in the vicinity. Next, we capture the
downconverted signal, which is the IF signal. Figure 6 shows that
the downconverted IF signal frequency 𝑓𝑑 is equal to the frequency
difference between the reception signal and the carrier signal 𝑓𝑟 − 𝑓𝑐 .
Furthermore, a mirror image of the signal appears at frequency
2𝑓𝑐 − 𝑓𝑟 in the RF spectrum, corresponding to the intermodulation
products of the third-order term in Equation 5.
Effect of frequency drift on downconversion. The SoMix can
operate without injection-locking. However, this results in a broader
oscillator peak because of higher phase noise and increased sensi-
tivity to environmental factors and reception signal strength, which
affects the stability of the TDO. In contrast, injection-locking pro-
vides stable and reliable downconversion. To evaluate these aspects,
we experimented by programming USRP B200 [61] as the transmit-
ter to generate a single-tone signal at a frequency 1MHz offset from
the TDO’s resonant frequency. Figure 7 presents a waterfall plot that
compares the SoMix free-running mode and the injection-locked
mode using a spectrum analyzer [62]. In free-running mode, external
motions near the TDO cause drifts in the frequency of the IF signal.
Furthermore, we observed that increasing the transmitter strength
causes the TDO’s frequency to drift toward the reception signal, fur-
ther affecting the IF signal frequency. This instability is effectively
overcome by injection-locking, ensuring reliable reception.
Investigating receiver sensitivity. Receiver sensitivity refers to
the minimum signal strength that can be reliably detected and pro-
cessed to extract meaningful data. We conducted experiments us-
ing a wired setup to evaluate this, as shown in Figure 8 using two
USRP B200 [61] for CED and transmitter, Signal Hound BB60C
Spectrum Analyzer [62], Mini-Circuits ZN2PD2-63-S+ Power Split-
ter/Combiner [63] and the SoMix front-end. We varied the output
power of the transmitter and measured the strength of the down-
converted signal using a spectrum analyzer. A 10 kHz IF bandwidth

was used to estimate the noise floor and calculate the signal-to-noise
ratio (SNR). Figure 9 shows that the SNR of the downconverted
signal increases with higher transmitter signal strength. The SoMix
front-end can receive signals as weak as −80 dBm. For simple mod-
ulation schemes such as OOK, an SNR of at least 10 dB is typically
required to achieve a low bit error rate (BER). Using this threshold,
our results suggest that SoMix can reliably receive signals down to
−70 dBm. It is important to note that this sensitivity measurement
reflects the performance of the front-end alone. Sensitivity can be
further improved with appropriate pre and IF amplification.
Understanding conversion loss. Next, we investigate whether there
are losses during the downconversion process. Specifically, our ob-
jective is to understand the relationship between the strength of the
downconverted signal and the strength of the received signal. We
expect some loss, as the TDO may not be efficient in autodyning -
partly because of the power distributed among multiple frequency
components - and additional resistive losses in circuit components
may further contribute to the overall conversion loss.

The conversion loss in the SoMix front-end may depend on sev-
eral parameters of the received signal, including its strength, fre-
quency, and the power of the injection-locking signal. To evaluate
how these factors affect conversion loss, we conducted experiments
using a cabled setup, similar to the sensitivity experiments, as shown
in Figure 8b. Two USRP SDRs were used, one as the transmitter
and the other as the CED. Their signals were propagated through
a cabled setup, combined using an RF combiner, and fed to the
SoMix front-end. We calibrated the output power of the SDRs and
accounted for the losses of the RF combiner using a calibrated Sig-
nalHound BB60C spectrum analyzer. We varied the signal strength
and frequency, and measured the strength of the downconverted IF
signal using the spectrum analyzer. Because radio signals attenuate
over distance and tunnel diodes operate in a narrow low-voltage
range, we used signal strengths ranging from -20 dBm down to the
lowest sensitivity threshold identified earlier. These values ensured
that the tunnel diode remained within its negative resistance region
and prevented damage from excessive input power. Figure 10 shows
that the conversion loss remains relatively stable, averaging between
25 and 30 dB. Despite these losses, the SoMix front-end remains
highly receptive to very weak signals.
Understanding the impact of received signal strength. We inves-
tigate how variations in the strength of the received signal affect the
downconversion process when the TDO is injected. This analysis is
essential because changes in signal strength could potentially disrupt
the injection-locking process, causing the TDO to be pulled toward
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Figure 12: Altering the reception signal frequency, such as changing the com-
munication channel, results in a corresponding shift in the IF signal frequency.
Furthermore, the signal strength remains consistent throughout the experiment.

the received signal. We experimented with the cabled setup shown
in Figure 8b, which was also used in previous experiments. The
transmitted signal strength was varied from −60 dBm to −20 dBm
in steps, while keeping the CED (injection-locking signal) strength
constant at −20 dBm. As shown in Figure 11, we did not observe
a significant change in the frequency of the IF signal or the LO,
indicating that the front-end remained injection-locked to the car-
rier signal throughout. Furthermore, we observed a linear increase
in the strength of the IF signal with received signal strength, also
confirming stable conversion loss throughout this range.
Understanding the impact of received signal frequency. Finally,
we examine how the frequency of the received signal affects the
downconversion process. The transmitted signal remains within the
same band with only minor adjustments, similar to what might occur
in real-world scenarios when switching communication channels.
This experiment was carried out using the same cabled setup shown
in Figure 8b. We varied the transmitter frequency in steps to create
offsets ranging from 10 kHz to 5 MHz relative to the frequency of
the injection-locked TDO. We monitored both the frequency and
the strength of the downconverted signal. As shown in Figure 12a,
the frequency of the downconverted signal shifts accordingly with
changes in the transmitter frequency. Furthermore, Figure 12b shows
that the strength of the downconverted signal remains stable.

3.3 Enhancing IF Signal Strength
After the downconversion process, the resulting IF signal is weak-
ened due to conversion losses. To extract meaningful information,
especially in scenarios involving weak received signals, such as long-
range communication, we incorporate an optional IF amplification
stage. This stage enhances the sensitivity and facilitates digitization
of the IF signal. Our design takes advantage of the fact that amplifiers
operating at RF frequencies typically consume significantly more
power than those operating at lower IF frequencies. This is mainly
due to the higher gain-bandwidth product requirements and the com-
plexity of managing impedance mismatches. In contrast, sub-MHz
amplifiers can achieve high gain at µW-level power consumption,
making them well-suited for low-power IF amplification.

When designing IF amplifiers, there is an inherent trade-off be-
tween gain and bandwidth. As the target frequency and bandwidth in-
crease, the achievable gain decreases due to the fixed gain-bandwidth
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Figure 13: SoMix includes an optional IF amplification to support the reception of
weak signals, balancing trade-offs among gain, bandwidth, and power.

product of the op-amp. Lower-frequency IF signals support higher
gain with minimal power consumption, but limit the available band-
width, and vice versa. To investigate this trade-off, we performed a
SPICE simulation using a two-stage amplifier based on the Texas
Instruments OPA330 [64], a micropower precision op-amp with
a gain-bandwidth product of 350 kHz. Figure 13a shows how the
available bandwidth decreases as the gain increases from 40 to 64
dB. Figure 13b further illustrates that power consumption increases
with gain, underscoring the importance of careful design choices.
Based on this analysis, we select an appropriate IF frequency and
gain to strike a balance between performance and power efficiency.
Our implementation uses a two-stage amplifier design, as shown
in Figure 14, with each stage providing a small-signal voltage gain
of 29 dB, resulting in a total gain of 58 dB. We also include a band-
pass filter before amplification to isolate the desired IF signal and
suppress harmonics, intermodulation products, and noise.

3.4 Digitizing Intermediate Frequency Signal
The final step in SoMix, as shown in Figure 14, involves digitizing
the IF signal. We explored several options at this stage. We consid-
ered integrating low-power ADCs such as the ADS7042, which has
been used in systems such as MIXIQ [29]. However, this method
still consumes hundreds of µW and imposes significant processing
overhead. To reduce power consumption, we adopted a comparator-
based approach to digitizing the IF signal [8, 65]. In this approach,
the amplified signal is fed into a comparator accompanied by a
thresholding circuit implemented using passive RC filters. These
filters track the long-term average of the signal, enabling the com-
parator to differentiate between high and low states by comparing the
instantaneous signal value against this slowly changing reference.

We adapted the thresholding circuit to demodulate 2-FSK signals.
For this, we used two frequencies, 𝑓1 = 10 kHz and 𝑓2 = 20 kHz, and
configured the passband filter before amplification to allow 𝑓1 while
attenuating 𝑓2. After amplification, the resulting signal resembles an
ASK-modulated waveform, as illustrated in Figure 15, which can be
digitized through the comparator. The frequency response is shown
in Figure 13a. Although the voltage-level differences diminish with
weaker signals, they remain distinguishable for the comparator to
digitize reliably. We implemented this design using the nanopower
TS881 comparator [66] and a 1N5819 diode [67]-based rectifier.
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Figure 14: The front-end performs the downconversion to the IF domain. The rest
of the pipeline involves (1) extracting the baseband signal and filtering out the un-
wanted signals, (2) followed by 2-stage amplification and (3) finally demodulation.
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Figure 15: SoMix downconverts and transforms a 2-FSK signal into a signal that
resembles an ASK signal and then is digitized using the comparator.

3.5 Putting Everything Together
SoMix operates as follows: An external carrier signal injection-locks
the TDO, stabilizing it to generate a LO while simultaneously down-
converting the incoming received signal. The resulting IF signal is
filtered and amplified using a two-stage amplifier. The amplified sig-
nal is then digitized using a comparator-based design. The digitized
signal is finally processed by the host microcontroller.
Illustrating frequency shift keying. We conduct experiments to
evaluate the ability of the SoMix front-end to down-convert and
receive 2-FSK transmissions. A USRP SDR is configured to transmit
2-FSK modulated signals and is placed 1m from the SoMix front-
end. A second USRP SDR, placed 2m away, serves as the injection-
lock CED. RF and IF signals received by the SoMix front-end are
recorded using a spectrum analyzer, and the results are shown as
waterfall graphs in Figure 16. Distinct modulation patterns are visible
in the RF spectrum and the corresponding IF spectrum.
Power consumption. The SoMix front-end can be divided into three
main components: the TDO circuit, the optional IF amplification
and digitization stage, and the biasing circuit used to maintain the
tunnel diode within its negative resistance region. The TDO circuit
consumes less than 60 µW when powered by an external supply
using the 1N3712 tunnel diode. For other tunnel diode variants,
we conservatively estimate the power consumption of the front-
end to remain under 100 µW. As implemented for the bitrates and
bandwidths in this work, the IF amplification and digitization stage
adds approximately 150 µW. The most power-consuming component
is the biasing circuit, which brings the higher supply voltage down
to the low voltage required to bias the tunnel diode in its negative
resistance region. Specifically, we use a low-power DC-DC step-
down converter to reduce a typical supply voltage (e.g., 3.3 V)
to around 0.5 V. This reduced voltage is then regulated using a
transistor and resistor network to bias the tunnel diode appropriately.
This biasing circuit consumes approximately 250 µW.

3.6 Carrier Emitter Device
The CED generates a carrier signal, which can be easily generated
using commodity transceivers found in everyday devices that sup-
port BLE [20] or other standards [14]. The power consumption is
comparable to that of a typical radio transceiver, ranging from a few
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Figure 16: SoMix downconverts signals encoded with 2-FSK modulation visible
through distinct patterns in the waterfall plot.
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Figure 17: SoMix can be injection-locked to an unsuppressed carrier from the
transmitter, which avoids the need for a dedicated carrier emitter device.

to hundreds of milliwatts, depending on the strength of the generated
carrier signal. Since the SoMix can injection-lock to a weak carrier
signal, the CED does not need to transmit at high power, allowing
extended operation even when powered by a battery.
Asymmetric power. The CED consumes significantly more power
than the SoMix, a common trait of low-power communication mech-
anisms, such as backscatter. However, in typical deployments, em-
bedded devices transmit data to externally powered edge devices,
making this power asymmetry practical in real-world scenarios.
Configuring frequency. A natural question is how the CED de-
termines the frequency of the carrier signal and how often it must
synchronize. The carrier signal should match the resonant frequency
of TDO, although minor deviations are tolerable, as a strong carrier
can pull the oscillator toward it. Since communication occurs on
predefined channels set by standards, the receiver can operate on
these channels and the CED can generate a signal accordingly. Once
injection-locking is achieved, the frequency remains stable as long as
no major obstructions disrupt the relative signal strength between the
external carrier and the TDO, thereby avoiding the need for frequent
reconfiguration of the carrier signal’s frequency.
Eliminating CED. One approach to eliminate the need for a CED
is to embed an unsuppressed carrier within the transmitted signal.
This embedded carrier signal can be used for injection-locking,
while the frequency-shifted portion of the signal carries the data
for downconversion. By “unsuppressed carrier”, we refer to trans-
missions in which the carrier signal is intentionally retained and
transmitted along with the modulated data. In conventional AM with
double sideband, for example, the carrier is transmitted along both
sidebands. Similarly, unbalanced mixers allow the carrier to pass
through, producing outputs that contain both the carrier and the
modulated signals. This design is commonly seen in backscatter sys-
tems and in architectures such as Judo [11], which uses FSK while
still radiating the original carrier. This stands in contrast to designs
that suppress the carrier, such as double-sideband suppressed carrier
systems that employ balanced mixers. We evaluated this approach
by configuring the USRP transmitter to send an AM signal with a
double-sideband, together with the carrier signal. The transmitter
was connected to the front-end of SoMix by cable, and its carrier fre-
quency was matched to the resonant frequency of SoMix, allowing
stable injection-locking and down-conversion of the sidebands. As
shown in Figure 17, the receiver maintains a stable local oscillator
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Figure 18: The physical limitations of Schottky diodes limit the sensitivity, and
consequently, the range of the envelope detector to very short distances.
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(b) SNR of Received Signal
Figure 19: The SoMix successfully downconverts signals even in complex NLoS
environments involving multipath effects, maintaining an SNR greater than 5 dB.

frequency across varying transmitter signal strengths, demonstrating
operation without a dedicated CED.

4 Evaluation
We evaluated SoMix under a variety of conditions. The key high-
lights of the results presented in this section are as follows.

• SoMix sensitivity of −70 dBm enables long-range reception in
diverse environments achieving over 100m range in LoS scenarios
and up to 54m in multipath-rich NLoS settings.

• SoMix supports bitrates of up to 10 kbps while operating with a
front-end power consumption of less than 100 µW.

Setup. We used a USRP B200 SDR [61] to generate signals in a
controlled manner. The SDRs were calibrated using a SignalHound
BB60C spectrum analyzer [62], whose calibration we independently
confirmed. The SDRs were used to generate both the carrier signal
and the signal intended for reception by SoMix. A spectrum ana-
lyzer was used to observe various signals during the experiments,
including the downconverted signal. The SDR, receiver, and trans-
mitter were equipped with VERT900 antennas [68], which offer
a typical antenna gain of 3 dBi. For wired experiments, we used a
Mini-Circuits combiner. To increase the strength of radio signals
for injection-locking and transmission, we employed a power ampli-
fier rated for a maximum output of 30 dBm—the highest transmit
power allowed by FCC regulations in unlicensed spectrum bands.
This setup served as the experimental baseline configuration unless
otherwise noted. Some experiments also incorporated an Analog
Discovery 3 [69] and a digital oscilloscope to analyze baseband and
IF signals. We conducted experiments in university lab environments
for NLOS scenarios and in open areas for selected LOS experiments.
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Figure 20: SoMix receives transmissions with an SNR above 40 dB even with the
transmitter at a distance of 125m in a LoS complex propagation environment.

4.1 Downconversion and Communication Range
Benchmarking envelope detector. We design an envelope detector
using HSMS286C Schottky diodes [36], arranged in multiple stages
to achieve voltage doubling. Such designs are used on platforms such
as WISP [50, 70, 71], Moo [72], and Ambient Backscatter tags [8].
We tune the envelope detector to operate in the sub-GHz band. For
testing, we configured the USRP SDR to generate a carrier signal at
the maximum supported power and monitor the received signal using
a digital oscilloscope. Figure 18 shows the results that it achieves a
range of only a few meters under LoS conditions before the signal
drops near the noise floor. This result is consistent with previous
systems that reported limited ranges using envelope detectors. The
short range is primarily due to the inherent sensitivity limitations of
Schottky diodes. These results help to establish a baseline.
SoMix in a NLoS environment. We evaluated the ability of the
SoMix front-end to downconvert a received signal to an IF signal in a
challenging indoor NLoS environment, representative of many real-
world indoor deployments. In this experiment, we used a USRP B200
SDR as both the CED and the transmitter. Since the USRP supports
a maximum output power of 16 dBm, we used an external power
amplifier to increase the signal strength to 30 dBm, which is the
maximum allowed under the FCC regulations [73]. We verified this
output power using a calibrated spectrum analyzer. The transmitter
was configured to generate signals at frequency offsets of 10 kHz
and 100 kHz from the resonant frequency of TDO. These frequency
separations between the injection-locking signal and the reception
signal help prevent self-interference. The SoMix was connected to
a spectrum analyzer to observe the downconverted IF signal and
systematically measure the signal-to-noise ratio (SNR).

As shown in Figure 19a, we placed the SoMix receiver and CED at
fixed locations, while changing the position of the transmitter across
five different NLoS locations (L1 to L5). The locations L1, L2, and
L3 are vertically aligned in the same section of the building: L1 on
the same floor as the receiver, L2 on the top floor, and L3 on the
bottom floor. The environment includes multiple walls, furniture, and
other obstructions, creating a challenging propagation environment.

We present the results of the experiment in Figure 19b. The SoMix
successfully downconverts signals across multiple locations, with
the transmitter and receiver separated by distances of up to 54m.
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Figure 21: An unsuppressed carrier transmitted with the reception signal allows
SoMix to avoid the CED. The range remains high.
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Figure 22: Varying the injection-locking signal strength does not affect the SNR of
the downconverted signal, even when the signal strength is as low as -70 dBm. This
ability to lock onto a weak carrier offers deployment flexibility for CED.

For all measurements, we maintained a minimum SNR threshold of
approximately 5 dB to ensure reliable reception. Furthermore, we
observed that varying the frequency deviation between the transmit-
ted signal and the injection-locking signal (10 kHz and 100 kHz)
did not have a significant impact on downconversion performance.
These experiments were conducted in a university office setting,
where considerable real-world interference from co-located devices,
including lighting systems, HVAC units, and computing equipment,
as well as concurrent wireless experiments operating in the same
frequency band, was present. The receiver operates well consistently
on multiple floors, demonstrating the feasibility of using SoMix for
communication in complex indoor environments.
SoMix in a LoS environment. We evaluate the downconversion
performance of SoMix in an LoS environment using a setup similar
to the previous experiment to maintain consistency. The location of
the experiment is the basement of a university building that opens
to a road, as shown in Figure 20a. This environment introduces
variations due to multipath effects caused by reflections from walls,
ceilings, and nearby urban structures. For controlled evaluation,
the CED is placed 25m from the receiver and generates a carrier
signal for injection-locking. This ensures consistency with other
experiments in this work. However, in the LoS setup, the CED can
be positioned more than 100m away from the receiver if required.

The results, shown in Figure 20b, demonstrate that SoMix can
successfully receive and downconvert signals from transmitters lo-
cated over 125m away. Even at this distance, the SNR remains well
above 40 dB, sufficient to support complex modulation schemes, and
suggests the potential for an even greater range. As in the previous
experiment, the frequency deviation between the transmitted sig-
nal and the injection-locking signal (10 kHz vs. 100 kHz) does not
significantly impact downconversion performance. It is important
to note that these results were achieved using the front-end alone,
without LNA-based amplification. SoMix already outperforms state-
of-the-art receivers by a wide margin, and the results suggest that
the range could be extended even further if required.

4.2 Easing CED Deployment
Eliminating CED. Incorporating an unsuppressed carrier signal
into transmissions eliminates the need for a CED. The TDO locks
onto the unsuppressed carrier, providing stability while simultane-
ously downconverting the signal, as described in Section 3.2. We
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Figure 23: An analytical evaluation of SoMix ’s range suggests it can achieve com-
munication distances of several hundred meters, even in complex environments.
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Figure 24: Estimating the upper bound on bitrate through theoretical analy-
sis—based on the achieved SNR values and a BER threshold of 10−3—suggests
that data rates exceeding 10 kbps are achievable even in complex environments.

used a setup similar to the previous experiment (Section 4.1) to
evaluate the range. The transmitter was configured to include an un-
suppressed carrier, with the message signal offset by 10 kHz and 100
kHz to avoid self-interference, consistent with previous experiments.
Figure 21 presents the results, which match those of the previous
experiment involving a CED. We successfully communicated at dis-
tances up to 125m, with an SNR of 40 dB. These findings suggest
that even longer communication ranges are possible, if needed.
Weak injection-locking signal. SoMix can achieve injection lock-
ing with a weak carrier signal, allowing greater separation between
the CED and SoMix and providing flexibility of deployment. We
fixed the distance between the SoMix receiver and the USRP trans-
mitter at 10m in an indoor environment, with the transmitted signal
strength set at -20 dBm, representative of weak, but realistic, indoor
signal levels. A second USRP served as the CED, and its distance
from the receiver was varied in an NLoS environment to change
the strength of the incident injection-locking signal. A spectrum
analyzer was used to observe both the injection-locking signal and
the corresponding downconverted signal. The results, shown in Fig-
ure 22, indicate that the SNR of the downconverted signal remains
stable even when the strength of the injection locking signal drops
to approximately -70 dBm. This confirms that weak carrier signals
are sufficient to stabilize TDO in SoMix, allowing reception even
when the CED is located a significant distance from the receiver.

4.3 Bit Rate, Bit Error Rate, and Link Budget
SoMix link budget. We analyze the SoMix receiver’s communi-
cation capability using the ITU-R P.1411 propagation model [74],
which is designed for outdoor short-range communication between
300MHz and 100GHz. Unlike Friis’ model, it accounts for terrain,
buildings, and obstructions, making it suitable for urban high-rise en-
vironments characterized by urban canyons, reflections, and Doppler
shifts, with minimal rooftop propagation. Figure 23 shows the es-
timated maximum ranges at 868MHz with 30 dBm transmission
power (per FCC limits). Assuming a sensitivity of −70 dBm, the
receiver achieves ranges of 191m in NLoS and over 660m in LoS
conditions (model valid only up to 660m). Indeed, our experimental
results, presented in Section 4.1, support the high link budget.
SoMix bitrate and bit error rate. We begin by theoretically estimat-
ing the maximum achievable bitrate using established models [75].
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Figure 25: An end-to-end evaluation of SoMix under varying bitrates suggests that
the bit error rate increases at higher bitrates due to trade-offs made to reduce
power consumption in the IF amplification stage and digitization mechanism.

This estimate is based on the SNR values of 25 dB and 5 dB, which,
as demonstrated in our experiments, can be achieved at considerable
communication distances, for example in NLoS environment at lo-
cations L1 (25m) and L5 (54m). Figure 24 presents the estimated
maximum bitrate assuming a BER threshold of 10−3 for 2-FSK
modulation. The results show that even under challenging NLoS
conditions, SoMix could support data rates exceeding 10 kbps.

Next, we empirically evaluate the bitrate supported by SoMix by
examining its ability to demodulate and digitize received signals,
representing an end-to-end evaluation of the receiver. The experi-
ment was carried out in an indoor university office using two USRP
SDRs, one acting as the transmitter and the other as the CED, placed
10m from the SoMix receiver. The transmitter was configured to
send a 2-FSK signal with frequency deviations of 𝑓1 = 10 kHz and
𝑓2 = 20 kHz from the resonant frequency of the TDO. This small
frequency deviation presents a challenging scenario due to the in-
creased complexity in filter design and limited bandwidth, which
constrains the achievable bitrate. We varied the bitrate from 0.2 kbps
to 5 kbps. Each transmission included a 1-byte preamble for syn-
chronization followed by a 24-byte payload. We transmitted each
packet 150 times, thus totaling 30,000 sent bits.

Figure 25 shows the results of the experiment. The comparator
successfully digitized the bit transitions at all tested bitrates. BER
remained low even at the highest rate tested of 5 kbps. In particu-
lar, this BER was measured without error correction or additional
redundancy, which could further improve performance. Moreover,
higher bitrates are feasible by increasing the frequency deviation
and adapting the filter design within SoMix accordingly.

Finally, we evaluate the performance of SoMix at varying dis-
tances between the transmitter and the receiver. This experiment was
carried out in an LoS environment, with the CED placed 25m from
the receiver, consistent with previous experiment setups. We varied
the transmitter distance from the receiver in increments of 10m and
configured it to transmit at a bitrate of 1 kbps. Figure 26 presents
the results. The BER remains reasonable even at larger distances
between the transmitter and receiver. However, it is higher than what
is observed with commodity transceivers. The higher BER can be
attributed to several factors: the use of a comparator and thresh-
olding circuit that effectively acts as a 1-bit ADC, which, while
energy efficient, struggles to distinguish between signal levels in the
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Figure 26: BER of the SoMix with varying distances up to 60 m in a LoS setup.
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Figure 27: SoMix receiver performs well under moderate interference conditions.
Under strong interference, the receiver’s performance deteriorates.
presence of ambient noise; operation in an uncontrolled frequency
band with potential interference; and limited IF gain to reduce power
consumption, which compromises robustness during digitization.

4.4 Performance under External Interference
We evaluate the impact of interference on SoMix. Given the design
trade-offs made to minimize power consumption, we anticipate that
external interference could affect link reliability. To ensure consis-
tency, we used a setup similar to that of previous experiments, with
the addition of a USRP SDR configured to generate a controlled jam-
ming signal at varying signal strengths. The transmitter, CED, and
interferer are placed 10m from the receiver, representing common
deployment scenarios such as smart homes. We use the jamming-
to-signal ratio (JSR) in dB as the evaluation metric, indicating the
difference in signal strength between the jamming and transmitter
signals. The transmitter operates with 2-FSK modulation at a bi-
trate of 2 kbps, using frequency deviations of 𝑓1 = 10 kHz and 𝑓2 =
20 kHz. Figure 27 shows the results of the experiment. As expected,
the BER remains low when the JSR is below -25 dB. However, as
the jamming signal strength approaches that of the transmitter, the
BER increases significantly, indicating that the receiver struggles to
decode reliably in the presence of strong interference.

5 Discussion and Conclusion
We present SoMix, a low-power receiver architecture that enables
long-range reception. Its contribution lies in demonstrating the au-
todyning property of TDO. Our experiments show that SoMix can
downconvert signals as weak as -70 dBm, achieving reception at
distances exceeding 100m in LOS and 54m in NLOS environments.
Two-way communication. Low-power transmission is achievable
using the backscatter mechanism [9, 12, 14, 51] and designs based
on TDO [11, 34]. By integrating SoMix with them, it becomes pos-
sible to design a transceiver capable of two-way communication.
We experimented to evaluate the feasibility of combining Judo with
SoMix. The TDO was configured to operate at 868MHz and was
injection-locked using a carrier signal from a CED placed 5m away.
A separate transmitter, also located 5m from SoMix, transmitted a
signal at 869.3MHz. Simultaneously, the TDO was modulated for
transmission with a 500 kHz baseband signal. Figure 28 presents the
resulting spectrum, showing the received signal, the mixed transmis-
sion signal due to the SoM property of the TDO, the injection-locked
signal, and additional harmonics. We observe that the downconverted
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Figure 28: We observe both the transmission signal, enabled by the SoM property of
the TDO, and the downconverted IF signal resulting from its autodyning property.
SoMix can allow the design of a transceiver enabling two-way communication.

IF signal (for reception) and the upconverted transmission signal
appear distinctly. Since the TDO front-end is reused for both trans-
mitting and receiving, we expect the total power of the transceiver
to remain comparable to that of the standalone SoMix and Judo.
Commodity standards. SoMix may enable the design of receivers
that support commodity standards based on complex modulation,
such as Wi-Fi and LTE-NB (which use OFDM), and LoRa (which
uses CSS). Its combination of high-sensitivity, low-power consump-
tion, and ability to downconvert weak signals makes it well-suited
for deployment in challenging scenarios where state-of-the-art low-
power receivers typically fall short. We provide early evidence sup-
porting the viability of SoMix for downconverting chirp-modulated
transmissions, which are used in standards such as LoRa. In a con-
trolled setup, an SDR transmitter generates chirps over a 500 kHz
bandwidth at four different rates, ranging from 0.5 to 4 chirps/second.
The transmitter is connected to the TDO receiver through an RF ca-
ble, with the transmitted signal strength set to −57 dBm. Figure 29a
shows the results, where the chirps are clearly visible in both the RF
and the IF bands. We also evaluated the system under realistic NLOS
conditions: the SoMix receiver was placed in one room, while the
transmitter was placed 18m away in another room, separated by mul-
tiple walls. The transmitter emitted chirps at a rate of 1 chirp/second
with a signal strength of 16 dBm. As shown in Figure 29b, chirps
remain visible in both the RF and the IF bands. Despite the complex
indoor environment and weak received signal, SoMix downconverts
the chirp-modulated signal, demonstrating its potential to support
the design of receivers compatible with the LoRa standard.
Tag-to-tag networks. There has been interest in networks in which
both the transmitter and receiver are passive devices, a vision intro-
duced by ambient backscatter [8]. However, even a decade after its
demonstration, such networks have yet to be deployed in the real
world. We argue that a key reason for this is the reliance on classical
envelope detectors, which suffer from a limited range, typically only
a few tens of centimeters. In contrast, SoMix, with its ability to
receive weak signals over significantly longer distances, may help
overcome these limitations. To evaluate this, we generate a 16 dBm
carrier signal to injection-lock the SoMix. The CED and the SoMix
receiver are placed 5m apart. We program the backscatter tag to
alternately reflect and absorb signals at a frequency of 5 MHz and
observe the received signal at SoMix. The same carrier signal is
used for both injection-locking and backscattering. As shown in
Figure 30, SoMix successfully downconverts the backscattered sig-
nal while maintaining sufficient signal strength. The downconverted
signal exceeds the SoMix sensitivity threshold, suggesting that with
a sufficiently strong carrier, SoMix could enable tag-to-tag networks
with ranges extending to tens of meters.
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Figure 29: SoMix supports the downconversion of signals with complex modulation.
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Figure 30: The SoMix front-end’s high sensitivity allows it to receive weak backscat-
tered signals. This may pave the way for tag-to-tag networking at large distances.
Beyond reception. Envelope detectors have been used for applica-
tions such as localization [76] and gesture recognition [77]. However,
their reliance on amplitude-only extraction limits their capabilities.
By allowing for the extraction of phase, frequency and amplitude,
the SoMix front-end offers the potential to enhance these scenarios.
Tunnel diodes. They are commercially obsolete. Their decline, his-
torically attributed to limited power output and the challenges in
achieving scalability with silicon-based manufacturing processes [31].
At their core, tunnel diodes rely on a heavily doped semiconductor
junction, employing materials such as gallium arsenide (GaAs) or
germanium (Ge). In contrast, most contemporary integrated circuits
rely predominantly on silicon-based CMOS processes optimized
for scalability and high-yield manufacturing. This fundamental ma-
terial and fabrication mismatch presents a technical challenge: the
integration of non-silicon-based tunnel diodes within silicon CMOS
fabrication workflows to achieve low-power, integrated system-on-
chip designs. Some advanced heterogeneous integration techniques,
such as hybrid integration, wafer bonding, or monolithic integration,
using compound semiconductor epitaxial growth on silicon sub-
strates, may help us integrate tunnel diodes. Recent efforts [11, 33–
35, 37, 52, 78, 79] demonstrate the potential of tunnel diodes in
low-power communication circuits, which can motivate the integra-
tion of tunnel diodes into modern processes.
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