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(a) Long-term frequency stability of M? over a period of 14 hours
Figure 1: M? generates microwave signals through an oscillator that breaks the stability-power tradeoff. By coupling a tunnel diode with a SAW resonator, M?
achieves 2.10 ppm stability at 434.22 MHz over 14 hours, with maximum drift of only 916 Hz under 105 uW. This is orders of magnitude below state-of-the-art tunnel
diode oscillators and comparable to conventional oscillators consuming higher power. The carrier strength remains stable throughout the measurement.

Abstract

For the past decade, low-power communication has relied on a
delegation architecture that offloads carrier signal generation to
external emitter devices. Although this reduces transmitter and
receiver power, the resulting three-device topology introduces de-
ployment complexity that has hindered wider adoption. Returning
to a true two-device architecture on a microwatt budget was consid-
ered impossible because stable microwave oscillators are inherently
power-hungry. We introduce M? which breaks the trade-off be-
tween stability and power. The key contribution is an oscillator
that generates microwave signals below 105 pW while maintaining
stability of a few ppm, achieved by coupling a tunnel diode with a
high-Q SAW resonator. Over a multi-hour deployment, this stabil-
ity is at least two orders of magnitude better than state-of-the-art
tunnel diode oscillators and is maintained across controlled varia-
tions in temperature, humidity, and motion, as well as uncontrolled
real-world conditions including a crowded university food court
and outdoor environment with direct sun exposure. Furthermore,
M? exhibits self-oscillating mixing and autodyning, enabling stan-
dalone transmitters and receivers that achieve 135 m line-of-sight
range and —75 dBm reception sensitivity, with ranges exceeding
tens of meters in tag-to-tag topology. M? takes a major step beyond
the de facto delegation architecture, enabling a new class of stable,
standalone microwatt microwave (M?) radio transceivers.
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1 Introduction

For the past quarter-century, embedded systems research has been
driven by the power consumption of communication [2, 15, 20,
41, 42, 50, 91, 93, 97], creating deployment including logistical
complexity, frequent battery replacements, and form-factor restric-
tions [4]. Early efforts addressed power-challenges with radio duty
cycling [15, 97], suitable for small, infrequent packets. But as ap-
plications evolved towards continuous high-volume data trans-
fer [63, 92], milliwatt transceiver power became unavoidable.
Transceiver power stems from analog components such as os-
cillators, mixers, and amplifiers for carrier generation and sig-
nal conditioning. While digital components have benefited from
Moore’s Law, analog counterparts have not seen comparable effi-
ciency gains [42]. The predominant strategy, spanning backscatter
transmitters [20, 42, 50, 91, 100, 120], injection-locked transmit-
ters [60, 104], and receivers [58, 74, 78], is delegation, offloading
tasks such as carrier generation to an emitter device (ED). This
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Figure 2: M? is a stable microwatt oscillator that enables two-device transmitter (a), receiver (b), and symmetric tag-to-tag (c) link without a dedicated ED.

has enabled low-power transmitters to support commodity stan-
dards [20, 38, 42, 71, 91, 118], achieve long range [70, 91, 100], and
open new applications [4, 63, 92, 102].

Despite promising results suggesting the energy challenge is
solved, real-world deployments still suffer from the delegation ar-
chitecture. The three-device topology (transmitter, receiver, ED)
introduces deployment complexity impractical for most scenarios,
preventing technologies such as backscatter transmitters [20, 42]
and Schottky-diode receivers [58, 74, 78] from widespread adoption.

The holy grail of embedded systems is a return to a true two-

device architecture on a microwatt budget. This was considered im-
possible because generating a stable high-frequency carrier signal
is inherently power-consuming [42, 50]. Phase-locked loops con-
sume milliwatts, and microwatt alternatives such as tunnel diode
oscillators (TDO) [65, 96, 99, 103, 104] lack the required stability
for communication. We demonstrate M? a highly stable microwave
oscillator under 105 uW instantiated for 433 MHz band.
Design. M? challenges the long-held notion that low power and
frequency stability in an oscillator are fundamentally incompatible.
It revisits oscillator design through the unique physics of tunnel
diodes, semiconductor devices with a heavily doped p-n junction in
which electrons tunnel quantum-mechanically through the barrier
rather than overcoming it [21, 22], producing negative differential
resistance (NDR) at low voltages and currents [81]. This enables
microwatt power for microwave operation up to several GHz.

Recent years have seen renewed interest in tunnel diodes for
embedded systems. Their low output power, once a limitation, now
matches embedded systems’ energy budgets. Amato et al. first
demonstrated a tunnel diode as a reflection amplifier for backscatter,
achieving kilometer-range links at microwatt power [2], though
the architecture retained dependence on an ED. To eliminate ED
dependence, subsequent work revived the TDO, a topology dating
to the early 1960s [109], and applied it to transmitter design [103].

The standard TDO topology couples a tunnel diode to an LC
tank, generating a carrier at microwatt power [65, 96, 103]. LC-
tank-based TDOs exhibit frequency instability, drifting hundreds
of kHz to MHz under environmental changes, with high phase
noise restricting modulation to simple on-off keying (OOK) at low
bitrates [103]. Later systems addressed this through injection lock-
ing from an external ED [58, 104], relaxing its power requirement
but preserving the three-device topology. More recent work pur-
sues standalone operation through voltage-transition [65], voltage-
conditioning techniques, electromagnetic shielding, and supply
noise reduction [77]. None address the fundamental limitation. An
LC tank provides insufficient Q-factor for a stable TDO, resulting in
MHz-scale drifts under supply voltage and temperature variations.
No prior system has demonstrated a frequency-stable TDO suitable
for microwave transmitter and receiver design without an ED.

The Q-factor determines the sharpness of an oscillator’s fre-
quency response. A low-Q resonator produces a broad spectral
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peak, high phase noise, and is sensitive to supply voltage [65, 99],
temperature [65, 99], and nearby motion [96], degrading link re-
liability as the carrier drifts outside the receiver’s passband. Clas-
sical TDOs [13, 31, 58, 60, 65, 66, 77, 96, 99, 103, 104] rely on LC
tanks built from discrete inductors and capacitors storing energy
in electromagnetic fields around component leads and pads. At
UHF frequencies, parasitic winding resistance, skin-effect losses,
and substrate dielectric losses dissipate an increasing stored energy
each cycle. These parasitics are environmentally coupled. Nearby
conductors alter stray capacitance, vibration shifts geometry, and
temperature modifies inductance and capacitance. The oscillator’s
frequency is thus set not by a precisely defined structure but by
lossy, environmentally sensitive lumped elements, limiting Q to typ-
ically below 100. This produces poor stability in classical LC-tank
based TDO designs and necessitates an ED for injection locking in
transmitter [104] and receiver [58] designs.

A surface acoustic wave (SAW) resonator confines energy in a
mechanical standing wave on a piezoelectric substrate, where the
resonant frequency is set lithographically by electrode pitch rather
than discrete component values [72, 115]. The acoustic wavelength
at UHF is in micrometer-scale, concentrating energy with minimal
radiative loss, yielding Q-factors exceeding 1000, an order of magni-
tude above lumped LC tanks. This distinction (mechanical acoustic
cavity versus electromagnetic fields around discrete components)
and the resulting high Q-factor motivate coupling a tunnel diode
to a SAW resonator. We show that this yields a highly stable TDO,
which we call the Resonator Tunnel Oscillator (RTO).

However, realizing this combination presents a non-trivial design
challenge. A SAW resonator is a narrow-bandwidth impedance
element, fundamentally different from the broadband LC tank that
TDO circuits traditionally assume. This mismatch likely explains
why, despite their half-century history, they were never combined
to produce a stable oscillator. M? introduces a biasing and matching
topology that sustains stable oscillation by operating the tunnel
diode within its NDR region while satisfying the SAW resonator’s
impedance constraints at 433 MHz. The resulting oscillator is a
two-terminal device requiring only a DC supply, no external carrier
signal or ED, no injection locking, and no phase-locked loop.

Through controlled experiments, we find that M* consumes
105 pW peak power, of which only 35 uW is attributable to the SAW
resonator. In free-running mode, the maximum frequency drift is
hundreds of Hz over 4 hours and just under 1kHz over 14 hours
as observed in Figure 1(a). This stability holds when substituting
tunnel diodes of the same type or replacing them with a different
type entirely, confirming that frequency stability is conferred by the
SAW resonator, not any individual diode. Under controlled tempera-
ture and humidity variation, often exceeding real-world conditions,
frequency deviation remains within 46 kHz, at least two orders of
magnitude better than state-of-the-art LC-based TDOs [77]. In un-
controlled environments, including a busy university food court and
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direct sun with high humidity, deviation stays at tens of kHz, still
orders of magnitude below LC-based TDOs in benign conditions.
We use M? as a building block to realize both a transmitter
and a receiver, as shown in Figure 2, demonstrating that a single
microwatt-class component can serve both roles in a link. Beyond
carrier signal generation, each role requires frequency conversion.
A transmitter must upconvert a baseband signal onto the carrier,
while a receiver must downconvert an incoming RF signal to an
intermediate frequency (IF) for demodulation. Both operations re-
quire a mixer, another power-consuming analog component. M?
addresses this by exploiting two properties of TDO. Self-oscillating
mixing (SoM) lets the oscillator simultaneously generate a carrier
and modulate it with an input signal [104], while autodyning [58]
uses the TDO as its own local oscillator to downconvert received
signals. Both have been demonstrated in LC-based TDOs [58, 104];
our experiments confirm they are preserved with a SAW resonator,
enabling the standalone transmitter and receiver in Figure 2.
While SoM in M? exhibits higher conversion loss and nonlinear
behavior than LC-based TDOs due to the SAW resonator’s narrow-
band impedance, the resulting transmitter achieves 135 m line-of-
sight range, 46 m in complex non-line-of-sight environments, and
bitrates up to 100 kbps using 2-FSK modulation. The autodyning
receiver, conversely, benefits from the SAW resonator. Downcon-
version loss at lower IF frequencies is at least 10 dB below LC-based
TDO receivers, and reception sensitivity reaches —75 dBm, surpass-
ing prior TDO-based receivers [58]. The receiver’s higher sensitiv-
ity, combined with the transmitter’s longer ED-free range, enables
symmetric M? links and a step towards tag-to-tag networks [50].

Summary of Results. We offer the following key results:

o M? generates a carrier with spectral purity and phase-noise per-
formance comparable to an SDR, consuming only 105 pW while
maintaining stability below 2.10 ppm over a four-hour period.

o M? enables tag-to-tag communication at up to 40 m indoors with-
out any external carrier source or active transceiver.

2 Background

Low-power networks. Two decades of work on sensor networks
have targeted applications such as habitat monitoring [51], vol-
cano monitoring [110], and infrastructure such as bridges [9], and
explored mesh networking and its multihop tradeoffs including
routing decisions and link reliability. All were fundamentally con-
strained by the milliwatt power consumption of their transceivers.
By enabling microwatt-power transmission and reception, M? can
substantially extend the operational lifetime of sensor networks.

Backscatter systems. The most widespread backscatter system
is RFID [106, 108], in which a reader serves as both an ED and
a receiver. This is a monostatic configuration and suffers from
self-interference [100]. Modern systems address this by separat-
ing the ED and receiver in a bistatic configuration, reducing self-
interference via path loss and enabling commodity devices such as
Wi-Fi routers [71, 100] and smartphones [38] to serve as EDs. This
architecture has yielded transmitters compatible with Wi-Fi [38, 42,
124], Bluetooth [20, 38, 118], ZigBee [38, 124], and LoRa [70, 91, 124],
with subsequent efforts extending ranges to kilometers by trading
bitrate [70, 91, 100] for sensitivity and exploring large-scale de-
ployments [5, 33, 101]. These systems, however, depend on EDs
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that must typically transmit at maximum legal power [42, 91]. M?
eliminates the need for EDs by enabling standalone transceivers.
Reflection amplifiers. These mitigate the need for a proximate ED
by compensating for the backscatter tag’s reflection loss. Transistor-
based designs consume hundreds of microwatts [46], while tunnel-
diode based designs operates at tens of microwatts [2, 17, 103].
Although the ED can operate farther from the tag, the system still
requires one, and reflection amplifiers inherently generate strong
harmonics due to their nonlinear nature, impairing link reliability
and network coexistence. M? takes a major step towards eliminating
the ED by enabling design of standalone transmitters.
Schottky-diode receivers. Schottky-diode receivers support low-
power reception by extracting the envelope directly or mixing with
an external signal for IF downconversion. Envelope detectors ex-
tract the power envelope of incoming signals and are integral to
RFID [29, 64], but lack frequency selectivity, cannot demodulate
phase or frequency information, and are limited to OOK. Ampli-
fiers and SAW filters extend their capabilities [14, 32], yet they
still cannot recover an IF signal for complete demodulation. More
recent designs exploit Schottky-diode nonlinearity to mix incoming
signals with an external carrier for IF downconversion, enabling
low-power BLE [19] and ZigBee receivers [74], though sensitivity
remains limited by the Schottky diode. EDISON [25] used Li-Fi
instead of RF for the downlink to overcome envelope-detector con-
straints. Envelope detectors have also found application in accurate
localization [26] and low-power audio reception [92]. M? enables
ED-free reception with IF downconversion and high sensitivity. In
tag-to-tag networks, M? achieves tens of meters with IF downcon-
version, whereas state-of-the-art envelope detectors extract only
amplitude at ranges of a few meters and low bitrates. A detailed
comparison of receivers is provided in Table 2.

Tag-to-tag networks. Ambient backscatter [50] demonstrated that
backscattering ambient TV signals enables battery-free commu-
nication while harvesting energy from the environment. Parks et
al. extended range to a few meters by trading bitrate for coding
gain [69], Majid et al. demonstrated multihop networking using
a powerful RFID reader as ED [52], and Ryoo et al. applied tag-
to-tag networks to activity recognition [79]. These systems are
constrained by the short range of Schottky diode envelope detec-
tors and require a carrier from a dedicated ED or ambient source. M?
eliminates the need for both an ambient carrier and an ED. More-
over, through improved receiver sensitivity via autodyning, M?
supports ranges of tens of meters for practical tag-to-tag networks.
Tunnel-diode transmitters. These couple a tunnel diode with an
LC tank, whose low Q produces frequency instability far short of
commodity standards [66, 76, 77], with drifts of several MHz under
voltage and environmental fluctuations that severely limit link re-
liability. As an example, SharpPeak attempts to stabilize classical
LC-tank-based TDOs but reports frequency drifts in MHz under
bias voltage and temperature changes [65, 66], while using these
voltage changes for modulation. SharpPeak couples the carrier
frequency to the modulating signal, resulting in unstable commu-
nication and making coexistence challenging. M? instead performs
modulation through SoM, where the SAW-anchored carrier remains
fixed and only the sidebands carry the baseband signal, preserving
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Frequency Bitrate Power con-

System / Work band ® E.Xte,":;;; sumption Range
(MH?7) ps) carrier' (dBm) W) (m)
HitchHike (2016) [119] 2400 222k 30 (1 m) 33 54
LoRea (2017) [100] 868 2.9k 28 (1 m) 70 3400
LoRea (2017) [100] 2400 2.9k 26 (1 m) 650 255
LoRa BS (2017) [91] 915 50 30 (5 m) 9.252 2800
5.8 GHz* (2018) [17] 5800 N/R N/R 20 48 dB®
P2LoRa (2021) [39] 433 111 30 (1 m) 320 2200
Judo (2022) [104] 868 100k 25 (> 100 m) <1003 100
SlimWiFi (2023) [122] 2400 100k - 1000 60
FM Rider (2024) [114] 88-108 200 -40 (Ambient) 1440 107
AudioCast (2025) [77] 88-108 10.7k - 200 130
This work 433 100k Not required < 105 135 m

N/R: Not reported ! Marked with the transmission strength of ED wherever used. The distance in braces is the
ED-to-tag distance. 2 IC simulation power 3 Frontend and baseband generator power
4 Reflection amplifiers  Reflection amplifier tag reports 48 dB gain; distance not explicitly reported

Table 1: Low-power transmitter comparison. Columns report band, bitrate,
whether an ED is required (and its strength), transmitter power, and range.
carrier stability during transmission. M? overcomes these limita-
tions by integrating a tunnel diode with a high-Q SAW resonator,
achieving at least an order of magnitude higher frequency stability
and substantially greater robustness to bias voltage fluctuations
and temperature changes, while generating a stable carrier at lower
power, even compared to conventional oscillators consuming orders
of magnitude more. M? further demonstrates autodyning, enabling
a complete transceiver design. This stability holds in complex en-
vironments such as a busy food court and outdoors, with drift of
only a few kHz, enabling a new class of tag-to-tag networks, as
demonstrated in Section 4.2. Table 1 compares transmitter designs
including tunnel-diode transmitters. Figure 27 and Appendix E
compare prior architectures.

SoTA oscillators. Low-power oscillators span ring, LC/DCO, and
resonator-referenced designs compared in Table 5 and Appendix A.
Each family makes distinct tradeoffs. Ring oscillators without a
crystal reference cannot guarantee ppm stability and require re-
ceiver assistance or injection locking [53, 111]. LC oscillators im-
prove phase noise but at the cost of higher current and larger area;
commercial VCOs draw several milliwatts, often unacceptable for
battery-free devices [55-57]. SAW-resonator oscillators offer tight
tolerance and low temperature coefficients, but are fixed-frequency
with limited pulling range and modest output [28, 62, 113, 121]. All
families remain susceptible to temperature drift, aging, and supply-
voltage variations. M? bridges this gap by coupling a tunnel diode
with a high-Q SAW resonator, yielding a microwatt-scale oscillator
with practical stability that enables standalone transceiver design.
SAW resonators. Surface acoustic waves were first described by
Rayleigh [75]. Modern SAW resonators owe their design to the
interdigital transducer (IDT), demonstrated by White and Voltmer
in 1965 [112], in which interleaved electrodes on a piezoelectric
substrate launch and receive surface acoustic waves. Their superior
Q-factor enabled widespread use in the 1970s-80s at hundreds of
MHz for military radar [67], and as oscillator elements in radio
and television tuners [16, 83, 115]. In the early 1990s, SAW ladder
filters entered cellular handset front-ends [37], and temperature-
compensated variants [80] further improved stability for tighter
channel spacing. More recently, SAW resonators have coupled mi-
crowave signals to photons in integrated photonic circuits [82]
and enabled on-chip acousto-optic modulation [47]. The practical
SAW resonator emerged in the early 1970s, more than a decade
after Esaki discovered the tunnel diode in 1957 [21, 24]. Yet as SAW
technology matured, tunnel diodes fell out of favor, replaced by
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. Power .
Syom ok [Tty e Bl oy St
P tion (UW)
2.4 GHz Rx (2017) [19] 2400 M Required N/R? N/R
802.15.4 Rx (2018) [74] 2400 250k Required 361 —48
MIXIQ (2021) [78] 2400 1125k Helper tone 300 =55
Passive DSSS (2022) [48] 915/2400° 1k - 166.5 —46
OFDMA Rx (2022) [123] 2400 N/R - 652* -27°
Saiyan (2022) [30, 32] 433 1k - 369.4 —43
pmote (2023) [86] 915 2k Required 62.07 —48
Sisyphus (2024) [105] 433 up to 19k - 162.7 —42
SoMix (2025) [58] 868 up to 10k Optional 100 -70

This work 433 ~ 10k Not required <105 75

N/R: Not reported ! Marked wherever an external signal assists the RX front-end 2Proof-of-concept; passive diode

mixer 3 DSSS receiver; prototyped for 915/2400 MHz; 4with 1% duty-cycling 5When receiving one sub-carrier
Table 2: Low-power receiver comparison. Columns report band, bitrate, front-
end power, and sensitivity where available. For ED-assisted systems, sensitivity
depends on ED-to-tag distance and the carrier signal strength.

three-terminal transistors offering input-output isolation and easier
integration. Their low output power was seen as a limitation rather
than an advantage, and the two never converged until M?.

3 Design

The microwave oscillator is the most power-consuming component
of a radio transceiver [19, 20, 42, 50, 69, 100]. In transmission, the
oscillator generates the carrier signal, which is modulated with
a baseband signal and amplified. In reception, an LNA amplifies
incoming signals, which are mixed with a local carrier signal for
downconversion to an IF signal. These analog tasks (carrier gener-
ation, mixing, and amplification) dominate the power budget. M?
uses a tunnel diode to consolidate these steps into a single circuit,
eliminating discrete mixers, oscillators, and amplifiers. This uni-
fied architecture reduces power consumption of the M? frontend to
under 70 yW, and 105 pW with the SAW resonator included.
Oscillator design. An oscillator sustains energy oscillation within
a resonant structure. At microwave frequencies, resistive losses,
radiation, and parasitic coupling dissipate stored energy each cycle.
A negative-resistance device such as a tunnel diode, biased within
its NDR region, replenishes this energy by presenting negative
conductance to the circuit. When this negative conductance equals
or exceeds the total loss conductance, oscillation becomes self-
sustaining; steady-state amplitude is reached when large-signal
average negative conductance exactly balances losses. The resonant
structure determines frequency, but its quality factor Q (the ratio
of stored to dissipated energy per cycle) governs stability, phase
noise, and consequently link quality in communication.

Tunnel diodes. They are devices with heavily doped p-n junctions
that enable band-to-band tunneling [27, 61, 81]. They were discov-
ered in the 1950s [21], and were the first semiconductor device
to demonstrate quantum tunneling. They are typically fabricated
from germanium or gallium arsenide. When biased near zero volts,
electrons tunnel through the narrow depletion region rather than
surmounting the energy barrier, producing a sharp current increase
followed by a decrease as bias voltage rises. The resulting nonlinear
I-V curves in Figure 3, were characterized using a Keysight B2902A
Precision Source/Measure Unit [43]. Fast tunneling dynamics sup-
port operation up to low-GHz frequencies, and the low bias voltage
and current at which NDR occurs enables microwatt operation.
Tunnel diode oscillators. From the earliest days following Esaki’s
discovery [21], researchers explored the potential of TDOs. Som-
mers demonstrated an LC-tank TDO at 1.4 GHz in 1959 [85]. Kim
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Figure 3: I-V characteristics of two tunnel diodes used in this work, the GE
1N3712 and the GaAs 3I306E. The shaded region indicates the NDR region.

and Brandli presented an LC-tank TDO reaching 2 GHz to 3 GHz
at 1mW output [44], while Hines provided a theoretical frame-
work [34]. These designs consumed milliwatts and offered poor
stability, as the broadband LC tank provided no mechanism to con-
strain oscillation. Van Degrift achieved remarkable 0.001 ppm pre-
cision at microwatt power [98], but only at cryogenic temperatures
below 10 K and frequencies below 10 MHz. Young, Burrus, and Shaw
demonstrated a 50 GHz TDO embedded in a rectangular waveguide,
at milliwatt-level power [116]. Sterzer and Nelson demonstrated
TDO from 610 MHz to 8.35 GHz at milliwatt power [87]. Clover
and Wolf demonstrated a TDO at 3 MHz to 55 MHz for magnetic
susceptibility measurements, operating from 1.2 K to 300K in fields
up to 1.8 T [11], achieving approximately 1 ppm stability at room
temperature but with significant frequency dependence on bias
voltage and mechanical perturbations. Watters departed from LC-
tank based designs by coupling a tunnel diode with an 18 MHz bulk
quartz crystal [109]. As transistor technology matured, interest in
tunnel diodes for mainstream RF applications declined, though they
persisted in specialized roles such as satellite receivers [35].

M? builds on recent efforts reviving the tunnel diode for low-
power communication. Amato et al. showed a reflection ampli-
fier [2, 3], and Eid et al. presented both a reflection amplifier and
oscillator [17]. TunnelScatter presented a TDO with LC tank and
reflection amplifier at 868 MHz [103], but highlighted inherent in-
stability, limiting modulation to OOK. TunnelEmitter designed a
battery-free carrier emitter but suffered from severe frequency
instability [99]. TunnelSense exploited this instability as a fea-
ture, using drift to sense gestures and breathing [96]. Other efforts
tackled stability through injection locking with an external sig-
nal [58, 60, 104], while the most relevant prior work addressed TDO
instability through RF shielding, careful bias control, frequency se-
lection, and noise reduction [65, 77]. All remain limited by the low
Q of the LC tank, which is not an engineering shortcoming but a
consequence of electromagnetic energy storage in discrete compo-
nents. M? addresses this root cause by replacing the LC tank with a
SAW resonator, generating a stable carrier signal at 433 MHz.

3.1 Resonator Tunnel Oscillator

We describe the RTO, which is the core of M?.

SAW resonators overview. A SAW resonator consists of an IDT
that excites surface acoustic waves on a piezoelectric substrate. Dis-
tributed Bragg reflectors on either side of the IDT reflect acoustic
energy back toward the transducer, forming a standing wave within
aresonant cavity. The resonant frequency is determined by the IDT
electrode pitch, fo = v5/A, where vs is the surface acoustic wave
velocity in the substrate (typically 3,000-4,000 m/s for quartz and
lithium tantalate) and A is set lithographically by electrode peri-
odicity. Unlike an LC tank, whose frequency depends on discrete
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Figure 4: The SAW resonator fixes the oscillation frequency while the tunnel
diode provides negative resistance to sustain oscillation, generating a stable
carrier. Self-oscillating mixing and autodyning properties enable transmission
and reception respectively, without additional mixer stages.

component values, f; in a SAW resonator is fixed at fabrication and
insensitive to the electrical bias conditions of any connected circuit,
leading to the improved stability we observe in M?.

<7 Circulator

3.1.1  Resonator Tunnel Oscillator Challenges and Design.

We discuss the challenges of coupling a tunnel diode to a SAW
resonator and describe how the RTO addresses them.
Equivalent circuit. The electrical behavior of a one-port SAW
resonator near resonance is captured by the Butterworth-Van Dyke
circuit shown in Figure 4, comprising a series branch of motional
inductance L,, capacitance Cp,, and resistance Ry, in parallel with
static electrode capacitance Cy. The motional arm represents the
mechanical resonance, with L,, and C,, setting the series resonant
frequency f; = 1/(27VL,,Cr) and R, capturing acoustic losses
to determine Q = 27 f;Ly,/Rp. The parallel resonant frequency f,,
where impedance reaches its maximum, occurs slightly above f; at
a separation governed by the capacitance ratio r = Cy/C,,. Between
fs and f,, the resonator presents an inductive impedance; outside
this band, it is capacitive. For the 433 MHz SAW resonator in M?, this
inductive window spans only a few hundred kHz, three orders of
magnitude narrower than a lumped LC tank at the same frequency.
Oscillator design challenges. The narrow inductive bandwidth
of the SAW resonator has a direct consequence for oscillator design.
A negative-resistance oscillator requires two conditions simultane-
ously at the desired frequency wy. First, the total circuit reactance
must vanish, Xiot(wp) = 0. Second, the tunnel diode’s negative
conductance must exceed the total loss conductance of the net-
work. In a classical LC-tank TDO, the inductor presents smoothly
varying reactance over tens of MHz, satisfying these conditions
loosely across a broad range. Oscillation starts easily but settles
at whatever frequency the reactance happens to cancel, drifting
with temperature, supply voltage, and parasitic coupling. A SAW
resonator fundamentally changes this. It presents inductive reac-
tance only within the narrow window between f; and f,; outside
this window, it is capacitive and cannot sustain oscillation.

The narrow inductive window that gives SAW resonators their
stability also makes design harder. If the tunnel diode and surround-
ing network do not satisfy both oscillation conditions simultane-
ously at the SAW resonant frequency, the circuit either fails to
oscillate or locks to a spurious LC-dominated mode with poor sta-
bility. The challenge is compounded by the tunnel diode’s nonlinear,
bias-dependent impedance, whose effective negative conductance
shifts with operating point and determines whether the oscillation
conditions are met within or outside the SAW resonator’s inductive
window. Satisfying both conditions within a span of only a few
hundred kHz, while accommodating this nonlinearity and preserv-
ing the SoM and autodyning capability needed for transmission
and reception, is the core challenge that M* tackles.
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(a) Transmitter Prototype
Figure 5: Schematic and hardware prototype of a 2-FSK M? transmitter instan-
tiated using the RTO, which does not require an emitter device.

(b) Transmitter Circuit

RTO design philosophy. M? decouples frequency stability from
the tunnel diode by assigning each component a distinct role. The
SAW resonator acts as an acoustic flywheel. Once energy is stored in
its mechanical standing wave, the crystalline substrate sustains os-
cillation at its lithographically defined frequency with minimal loss,
resisting perturbations just as a massive flywheel resists changes to
its rotational velocity. The tunnel diode serves solely as a low-power
negative-resistance element that replenishes the energy dissipated
each cycle, without determining the oscillation frequency. Pertur-
bations that would shift a classical TDO by tens of kHz, such as
supply voltage fluctuations, thermal drift, or nearby motion, now
encounter the full inertia of the SAW resonator’s high-Q mechan-
ical resonance. In essence, the tunnel diode decides whether the
circuit oscillates; the SAW resonator decides where.

RTO matching and biasing network. As shown in Figure 4,
M? employs a matching network (Cy, Cy, Ly, L3) between the tun-
nel diode and SAW resonator port that transforms the diode’s
impedance to match the resonator’s motional impedance at f;, can-
cels the total circuit reactance within the inductive window, and
provides sufficient negative conductance margin to overcome R,,. A
variable capacitor enables fine alignment of the reactance cancella-
tion point to the SAW resonator’s narrow bandwidth; without this
tunability, fabrication tolerances would place the reactance zero
outside the inductive window, preventing oscillation. The bias net-
work is equally critical. The tunnel diode must operate at a precise
point within its NDR region, since a bias too close to the peak pro-
vides insufficient negative conductance to sustain oscillation, while
too close to the valley reduces voltage swing and output power.
M? generates the bias through a resistive divider with impedance
significantly higher than the resonator’s at f;, avoiding RF load-
ing, and uses a continuous ground plane beneath the RF path to
suppress parasitic coupling between DC and RF domains.
Preserving nonlinearity in RTO. Beyond stable oscillation, the
matching network must preserve the tunnel diode’s nonlinear I-V
characteristic, which enables M? to function as both transmitter
and receiver. In transmission, this nonlinearity performs SoM, gen-
erating products at fy + fhaseband that upconvert the signal without
a separate mixer. In reception, the same nonlinearity enables au-
todyning, where an incoming RF signal near f; interacts with the
self-generated carrier to produce an IF signal. Over-constraining the
diode’s impedance to maximize stability attenuates these mixing
products. M? balances this tradeoff by presenting high impedance at
fo to anchor the carrier while allowing the diode to respond at the
offset frequencies fy * fir. The baseband signal is injected through a
high-value resistance that permits modulation to reach the diode’s
bias point without disturbing the RF impedance at the tunnel diode,
decoupling the modulation path from the resonant circuit.

RTO implementation. We implemented M? on a PCB fabricated
on an FR-4 substrate, as shown in Figure 1(b). RTO pairs a GE
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Figure 7: The RTO maintains two orders of magnitude better stability than a
classical TDO. Over 4 hours, the absolute RTO drift stays below 316 Hz, whereas
the classical TDO drifts tens of kHz from the resonant frequency.

1N3712 tunnel diode [18] with a 433 MHz SAW resonator [90]. A
voltage regulator (S-1313) [1] and resistive divider network main-
tain the diode in its NDR region, and an LC network compensates
for the parasitic lead inductance and junction capacitance of the tun-
nel diode. The RF output is routed to an SMA connector, enabling
characterization via coaxial cable or transmission and reception
through an antenna. The complete circuit schematic appears in
Figure 4, and the M? transmitter prototype in Figure 5.

RTO power-consumption. We measure the power consumption
of M? using a precision voltage source. The 1N3712 tunnel diode is
biased at 156 mV, and the complete frontend including the SAW res-
onator consumes less than 105 uW. Without the SAW resonator, con-
sumption is 70 pW, indicating that the resonator adds only 35 pW.
Practical deployments require a stable bias network to maintain
the diode’s operating point; we implement this using a resistive
divider (Figure 4) consuming a few hundred microwatts, which
can be further reduced through high-value resistors. Notably, M?
does not require active temperature compensation. As we demon-
strate in Section 3.1.2, ambient temperature variations in real-world
deployments do not significantly impact frequency stability.
Putting everything together. The oscillator generates a carrier at
434 MHz with a measured signal strength of —17.5 dBm, as shown
in Figure 6. The carrier exhibits high spectral purity, and a compar-
ison with a signal generated by a USRP software-defined radio at
the same power level shows the two are visually indistinguishable,
demonstrating that M? achieves carrier quality comparable to con-
ventional oscillators that consume orders of magnitude more power.
Combined with the SoM and autodyning properties preserved by
the matching network, this oscillator serves as the building block
for both a standalone transmitter and receiver.

3.1.2  Understanding and Characterizing Stability.

We characterize the stability that the SAW resonator confers on the
tunnel diode oscillator through systematic experiments.

Quality factor and frequency stability. The oscillation frequency
wo of the RTO is set by the reactive condition using the reactive
Barkhausen condition for oscillation as Xiot(wg) = 0, where

Xiot(@) = X1p(®) + Xank (@) (1)
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the RTO’s frequency drift remains within 45 kHz. A slight hysteresis between

heating and cooling traces is attributable to thermal expansion of PCB traces.

o

— 55%

A Frequency [kHz]

401 5505 90.12%
-50 ; ; !
10 20 30
Time [min]

(a) Evaluation Setup
Figure 9: The RTO exhibits small frequency shifts with increasing humidity,
staying within 46 kHz even at high humidity.

(b) Effect with Humidity

is the reactance of the tunnel diode and the LC-SAW resonant
network including antenna loading of the circuit as in the Figure 4. A
convenient way to quantify the frequency stability of the oscillator
is via the reactance slope parameter at the oscillation frequency,

dXtOt
dw

o

Sx = )
Consider a small perturbation AX due to bias-dependent parasitics
or changes in antenna environment that appears as additional reac-
tance. The new oscillation frequency wy + Aw still satisfies,

Xtot((/.)() + A(/.)) +AX =0 (3)

Using a Taylor series expansion of Xiot(wo + Aw) around wy and
retaining only the first-order term, we obtain Xiot(wo + Aw) =~
Xtot(wo) + (dXiot/dw)|,, Aw. Substituting this into the Equation 3,
using Xiot(wo) =~ 0, and Equation 2 we get,

AX AX
A~ - —m ~ — — (4)
dXtot SX
dw @0

Hence a large reactance slope Sx makes the oscillation fre-
quency stiff with respect to small reactive perturbations, while
a small Sx leads to strong frequency pulling due to any parasitic
changes. For a standard series RLC resonant circuit with impedance
Z(w) = R+ j(wL — (wC)™1), the reactance is X (w) = oL — 1/(wC).
Differentiating with respect to w and evaluating at the resonant
frequency wg =1/ VLC, where 1/(woC) = woL, we obtain,

ax 1
—| = —= =2L. (5)
dw|,, w,C
The Q-factor can then be written as
woL [O)) dX Wo
= = — — = — 6
Q=% R do o 2R (©)

This relation generalises to any one-port series resonator. The prod-
uct woSx/(2Req) is the loaded quality factor Qr, where Req is the
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Figure 10: A classical TDO behaves as a VCO, drifting several MHz under
bias voltage changes. The RTO drifts under 70 kHz in identical conditions, as
bias-induced shifts in the diode’s junction capacitance slightly perturb the
matching network rather than directly changing the oscillation frequency.
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equivalent series resistance at resonance. Combining the Equa-
tions 4 and 6 gives a simple approximation for frequency pulling
due to a small perturbing reactance AX as given below,

Aw AX _ AX
(@] @oSx 2Req QL

We therefore interpret K = woSx = 2R.qQL as a reactance-slope
based stability factor. A higher K, or equivalently, a higher loaded
Q—factor directly attenuates the relative frequency shift for a given
perturbation AX. In the M?, Sx is dominated by the steep reactance
slope of the SAW resonator, effectively pinning the oscillation to
the acoustic resonance. Compared to a conventional LC-based TDO,
this results in a significantly larger K, thereby minimizing frequency
instability from external factors.

™

Baseline stability. We evaluate the RTO’s stability by connecting
it directly to a spectrum analyzer (SignalHound BB60C [36]) via
coaxial cable, minimizing external interference to establish baseline
stability. The setup is placed in an isolated, air-conditioned room
with restricted access. We continuously monitor signal strength
and frequency across multiple four-hour runs. Figure 7 shows the
results. The absolute RTO drift stays below 316 Hz, compared to
over 50 kHz for classical TDOs. The RTO thus maintains stability
two orders of magnitude better than classical TDOs [99, 103].
Extended stability. We conduct an experiment to investigate long-
term stability, extending the measurement to 14 hours in the same
controlled environment with an identical setup. Figure 1(a) shows
a maximum absolute frequency drift of 916 Hz. The trace exhibits
small abrupt frequency shifts, attributable to air-conditioning cy-
cling that produces thermal fluctuations slightly altering the acous-
tic velocity of the SAW resonator. Even so, the total frequency drift
remains below 1kHz, comparable to state-of-the-art low-power
oscillators shown in Table 5 and significantly better than existing
TDO designs [31, 65, 76, 77, 99, 103].

Temperature stability. We evaluate the RTO under controlled
temperature changes by heating the board with an infrared lamp
and monitoring temperature with a non-contact thermometer, with
the RTO connected to a spectrum analyzer via coaxial cable (Fig-
ure 8(a)). As shown in Figure 8(b), increasing temperature from
26 °C to 70 °C produces a maximum shift of 45 kHz, consistent with
the parabolic temperature characteristic of SAW resonators [68, 80]
and the thermal response of PCB traces and surrounding passives.
We also observe hysteresis during cooling, where the frequency
does not fully retrace the heating trajectory, as thermal gradients
between the resonator and its mounting structure require time
to equilibrate [68, 80]. Despite a 44 °C swing well beyond typical
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(c) Hand Gestures near TDO (d) Walking near TDO
Figure 11: Nearby motion causes only a few kHz of deviation in the RTO,
whereas a classical TDO drifts by tens to hundreds of kHz under identical
conditions. This suggests that the SAW resonator’s mechanical resonance, and
hence the RTO, is largely immune to ambient perturbations.
operating conditions, total drift remains within 45 kHz, at least
two orders of magnitude smaller than TDOs under comparable
conditions, consistent with existing efforts [65, 99].
Humidity stability. We evaluate humidity sensitivity by placing
a humidifier near the RTO board and monitoring humidity with a
co-located sensor, as shown in Figure 9(a). Figure 9(b) shows that
increasing humidity from 55 % to 90 % decreases RTO frequency
linearly by 46 kHz. This is consistent with moisture adsorption on
the substrate surface, which increases effective mass loading on the
SAW resonator and reduces acoustic wave velocity [72]. Despite
this sensitivity, the RTO drift remains small, and the total frequency
deviation under both temperature and humidity variation remains
orders of magnitude below LC-based classical TDOs.
Bias voltage. A classical TDO behaves as a voltage-controlled
oscillator (VCO), where even small bias voltage fluctuations in-
duce significant frequency shifts in the resonant frequency of the
TDO [65, 99]. We characterize RTO sensitivity to changes in the bias
voltage using a direct coaxial connection to the spectrum analyzer,
sweeping bias voltage from 150 mV to 260 mV in 10 mV steps via an
Analog Discovery 3 voltage supply [12]. We compare this against a
classical TDO evaluated as a baseline in the same experiment. As
shown in Figure 10, the classical TDO exhibits the expected VCO
behavior, drifting approximately 2.6 MHz across the voltage range.
The RTO suppresses this effect, limiting total drift to under 70 kHz
under identical conditions. The residual deviation is attributable to
bias-dependent changes in the tunnel diode’s junction capacitance
slightly perturbing the matching network, rather than the VCO-like
frequency pulling characteristic of classical TDOs [65, 99].
Nearby motion. Classical TDOs are highly susceptible to am-
bient perturbations, as even nearby motion such as walking or
hand gestures can shift the resonant frequency. Although useful
for sensing [96], this sensitivity is undesirable for communication.
We evaluate the effect of nearby motion by connecting an antenna
to the RTO and tracking its frequency with a spectrum analyzer
at 1 m, then performing hand gestures and walking near the oscil-
lator. Figure 11 shows that the RTO remains highly stable, with
frequency drifts of only 4.12 kHz for hand gestures and 2.38 kHz
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(a) Shielded Enclosure
Figure 12: A metallic enclosure further isolates the RTO circuit from envi-
ronmental and near-field electromagnetic perturbations, thus reducing its
frequency drift under nearby motion, including hand gestures, to 2.75 kHz.

(b) Stability under Hand Gestures

Board Tunnel Frequency Amplitude
Diode Stability (ppm) Deviation (dB)
1 1N3712 2.10 0.309
2 1N3712 1.40 0.487
3 1N3712 1.40 0.708
4 3I306E 5.62 0.069

Table 3: Frequency stability and amplitude deviation across four M? boards
over 4 hours of continuous operation. Boards 1-3 use the same tunnel diode
type; Board 4 uses a different type, confirming that stability is conferred by
the SAW resonator and not by the specific tunnel diode.

for walking, compared to 135 kHz to 200 kHz and 44.45 kHz respec-
tively for a classical TDO. The RTO substantially improves motion
robustness even without shielding. As shown in Figure 12, adding a
metallic shield (as demonstrated by AudioCast [77]) further reduces
frequency drift due to hand gestures to 2.75 kHz.

Tunnel diode variability. We assess the impact of tunnel diode
variability on frequency stability and signal strength by swapping
diodes of the same type and replacing the diode with an entirely
different type. We prepare three RTO boards, each with a 1N3712
tunnel diode [18], and capture the generated signal using a spectrum
analyzer in a cabled setup over four hours, tracking both frequency
and amplitude. Table 3 presents the results. All three boards exhibit
consistently high frequency stability, with only minor variation in
signal amplitude attributable to differences in parasitic capacitance
and lead inductance across individual diodes and boards.

To test generality, we replace the 1N3712 diode with a 3I306E
tunnel diode [73], whose I-V characteristic is shown in Figure 3.
Table 3 and Figure 26 show that the RTO with the 3I1306E exhibits
high stability; further details are provided in Appendix D. These re-
sults confirm that stability in M? is conferred by the SAW resonator
rather than by the characteristics of any individual diode: the diode
sustains oscillation, but the SAW dictates the frequency.

At microwave frequencies, external components such as cables,
connectors, and probes introduce parasitics that perturb the SAW
resonator’s narrow resonance window, making initial oscillation
lock sensitive to the parasitic environment. We address this by
integrating the oscillator on a custom PCB with proper isolation,
reducing uncontrolled parasitics, though small board-to-board fre-
quency variations remain in our experiments. Future work could
pursue SoC integration, following modern radio architectures.
Startup time. We measure startup time using a high-speed oscil-
loscope with one channel on the voltage supply and another on
the RTO RF output, defining startup as the interval from power ap-
plication to 90% of steady-state output amplitude. Across repeated
measurements, RTO startup time is 359 + 36 ps. This reflects the
energy buildup dynamics of the high-Q SAW resonator, where the
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Figure 13: M? is deployed in two challenging real-world environments, a busy
university food court during peak hours and a rooftop exposed to ambient
weather changes. M? exhibits a maximum drift of only 15kHz, whereas the
classical TDO drifts by hundreds of kHz, confirming that the stability advan-
tage persists well beyond controlled laboratory settings.

mechanical standing wave requires many acoustic cycles to reach
steady state, and the cycle count scales proportionally with Q. The
RTO is therefore inherently slower than a classical LC-tank TDO,
whose low Q allows rapid buildup in microseconds, but signifi-
cantly faster than crystal oscillators and phase-locked loops, which
typically require milliseconds to achieve comparable stability.
Food court deployment. We evaluate the RTO in a busy university
food court during lunch hours, with the spectrum analyzer placed
1 m from the oscillator. This is a challenging environment, where the
RTO transmits wirelessly to the spectrum analyzer while exposed to
continuous movement of students, staff, birds, and ambient airflow.
Figures 13(a) and 13(b) show the setup and results. The RTO exhibits
peak-to-peak frequency drift of only 15 kHz (34.56 ppm), whereas
a classical LC-based TDO in the same setting drifts 250 kHz, more
than an order of magnitude worse. This confirms that the SAW
resonator’s mechanical resonance is largely immune to the factors
that destabilize LC tanks in crowded environments.

Rooftop deployment. We conduct a second uncontrolled experi-
ment on a rooftop in the evening, as shown in Figure 13(c), with
the RTO exposed to ambient temperature decreasing from 30 °C
to 26 °C and relative humidity rising from 63% to 80% over the
experiment duration. Even under these simultaneous, uncontrolled
variations, the RTO exhibits only 15 kHz peak-to-peak drift, while
the classical TDO drifts 310 kHz, as shown in Figure 13(d). In a
separate experiment on a hot afternoon, with temperature varying
from 35 °C to 46 °C and humidity from 35% to 50%, the RTO drift re-
mains under 10 kHz. Across all deployments, the RTO maintains at
least an order of magnitude better stability than the classical TDO,
confirming that the stability observed in controlled experiments
persists in real-world outdoor conditions.

3.1.3 Characterizing Self-oscillating Mixing and Autodyning.
Beyond oscillation, M? enables transceivers because the RTO ex-
hibits SoM [104] and autodyning [58] properties. We conduct ex-
periments to characterize the RTO’s performance in these roles and
quantify any trade-offs relative to the classical TDO.
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Figure 14: The RTO preserves self-oscillating mixing with stable sidebands,
though the SAW resonator’s high Q introduces frequency-dependent attenua-
tion of mixing products that increases with offset from the carrier.
Self-oscillating mixing. Tunnel diodes are highly nonlinear de-
vices, and this nonlinearity enables mixing without a separate active
mixer. Prior work has demonstrated SoM in TDOs, where the device
simultaneously generates the carrier and mixes baseband signals
for transmission [60, 104]. A key question for M? is whether cou-
pling a high-Q SAW resonator to the tunnel diode preserves this
property, since the resonator increases frequency selectivity.

To answer this, we compare the RTO against a classical TDO
using controlled experiments. A waveform generator (Analog Dis-
covery 3 [12]) provides baseband signals at swept amplitudes and
frequencies, and a spectrum analyzer measures the resulting side-
bands. Figure 14 confirms that SoM is preserved in the RTO, as
the mixed sidebands appear clearly near the carrier and remain
stable across the tested conditions. Both the TDO and RTO exhibit
a frequency-dependent mixing response, with sideband strength
decreasing at larger offsets from the carrier signal. In the RTO, this
rolloff is steeper due to the SAW resonator’s narrow bandwidth,
which favors sidebands closer to the carrier. The practical conse-
quence is not a loss of SoM capability but reduced sideband power
at larger offsets, affecting modulation schemes requiring wider
bandwidth. Within the SAW resonator’s passband, however, the
RTO achieves stable mixing with lower drift than the classical TDO.

Prior effort such as SharpPeak [65] exploits the VCO-like bias-to-
frequency relationship of classical TDOs for modulation, but this
couples carrier frequency directly to bias voltage, so supply noise
and temperature drift translate into frequency instability. SoM in
M? decouples these roles: the SAW-anchored carrier remains at f;
while the baseband is upconverted to sidebands at fy + foasebands
preserving ppm stability during modulation and enabling clean
FDMA channel allocation as we show in Section 4.4.
Autodyning. Tunnel diode nonlinearity enables a second critical
function, downconversion. SoMix [58] shows that a TDO can act as
an autodyne mixer, simultaneously serving as the local oscillator
and downconverting an RF signal to IF. However, SoMix relied on an
ED to stabilize the TDO against frequency pulling. The RTO instead
stabilizes oscillation using the high-Q SAW resonator, enabling
standalone reception. We characterize autodyning using the cabled
setup in Figure 15(a), where the RTO connects to a Mini-Circuits
ZN2PD2-63-S+ power combiner [59]. An RF signal from a USRP
SDR is injected into one port and the downconverted IF signal is
observed with a spectrum analyzer. We sweep the frequency offset
from 50 kHz to 10 MHz while varying input power. Figure 15(b)
shows the RTO successfully downconverts across the tested range.
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Figure 15: The RTO downconverts incoming signals to IF via autodyning, with conversion loss below 17.8 dB across the tested range. This is substantially lower
than the classical TDO, achieved at only modest SAW-resonator power overhead, translating to longer reception range.
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Figure 16: M? receives and downconverts signals as weak as —75 dBm while
maintaining a minimum SNR of 10 dB, with the incoming signal swept at a
fixed 100 kHz offset from the carrier. Relaxing this threshold enables reception
of weaker signals, surpassing the sensitivity of SoTA low-power receivers.

To quantify downconversion efficiency, we compute conver-
sion loss at each operating point, averaged over three runs. The
heatmap in Figure 15(c) shows conversion loss ranging from 10.6 dB
to 17.8 dB. The consistent values across input power levels indicate
that the RTO maintains stable downconversion over a wide dynamic
range. Compared with the 25 dB to 30 dB conversion loss reported
by SoMix [58], the RTO achieves substantially lower loss, with an
improvement of approximately 14 dB at its best operating point.
These results confirm that the RTO preserves efficient autodyne
downconversion while eliminating the need for an external carrier.
The improved sensitivity translates to longer reception range.
Sensitivity. Sensitivity determines the reception range. We evalu-
ate M”’s sensitivity using the same cabled setup for the autodyning
characterization, measuring the SNR of the downconverted IF sig-
nal as a function of input RF power at a fixed frequency offset of
100 kHz. Input power is swept from —90 dBm to —40 dBm. Figure 16
shows the measured SNR response, which exhibits a linear rela-
tionship with received signal strength. At a 10 dB SNR threshold,
typically sufficient for reliable demodulation of simple modulation
schemes such as OOK, the frontend maintains SNR above threshold
for inputs as weak as —75 dBm. This surpasses SoMix [58], which
reports —70 dBm sensitivity. M? improves sensitivity by 5 dB and
eliminates the ED, enabling a low-power standalone receiver.

4 Evaluation

We evaluate M? in two environments. The first is an outdoor line-
of-sight (LoS) setting in a building basement opening to a road,
as shown in Figure 17(a). The second is an indoor non-line-of-
sight (NLoS) setting with multiple offices separated by concrete
walls, as shown in Figure 21(a). Spectral measurements use Signal
Hound BB60C/BB60D[36, 84] spectrum analyzers, transmission
experiments use a custom 2-FSK transmitter with a TT CC1310[95]
receiver, and autodyning reception experiments use a USRP B200
SDR([23] as the transmitter. Packets consist of a 4-byte preamble,
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System Phase Noise (dBc/Hz)
10Hz | 100Hz | 1kHz | 10 kHz | 100 kHz | 1 MHz | 10 MHz
Conventional
Injection -54.75 -64.04 -81.56 -88.94 -98.88 -116.90 -118.49
locked TDO
Commercial SDR | -62.80 -78.61 -87.07 -92.43 -99.05 -117.38 -118.75
M . -21.46 -44.43 -80.83 -92.30 -99.01 -109.93 -108.89
(over the air)
M? -29.92 | -62.23 | -83.08 | -92.25 -99.29 -119.02 | -118.82

Table 4: The carrier generated by M? exhibits phase-noise performance compa-
rable to that of a commercial SDR and a conventional injection-locked TDO.

4-byte synchronization word, 1-byte sequence number, 1-byte node
identifier, and 14-byte payload, with the cyclic redundancy check
disabled to enable the capture and analysis of corrupted packets.

4.1 Phase Noise

We evaluate M*’s phase noise and compare it with that of an
injection-locked TDO and a commercial SDR. We connect the RTO
to a BB60C spectrum analyzer via a coaxial cable and use its built-in
phase-noise measurement function to evaluate phase noise at differ-
ent frequency offsets, as shown in Table 4. The setup is kept in an
isolated room to reduce the impact of the environment on measure-
ments. At close-in offsets (10-100 Hz), M? exhibits slightly higher
phase noise than the injection-locked reference, as expected for a
free-running oscillator. Beyond a 1 kHz offset, however, M? phase
noise closely matches that of both the commercial SDR and the
injection-locked TDO. Overall, M? achieves SDR-like spectral purity
at practically relevant offsets, enabling reliable communication.

4.2 Communication Range

A key question is whether M*’s improved carrier signal frequency
stability translates into a better link budget. We evaluate communi-
cation range in both outdoor LoS and indoor NLoS settings.

Transmission range. In the outdoor LoS setting, the transmitter
generates a 434 MHz carrier at —17.5 dBm, and we measure received
SNR at increasing distance using a spectrum analyzer. As shown in
Figure 17(b), the signal remains detectable with SNR above 3 dB up
to 135 m, demonstrating that the M? frontend supports long-range
transmissions. In a complex indoor NLoS environment with multi-
ple rooms separated by concrete walls and floors, Figure 18(b) shows
the signal remains above 5dB SNR up to 46 m despite challenging
propagation. Together, these results show that M? provides suffi-
cient link budget for practical ranges of tens of meters in obstructed
indoor settings and over 100 m in outdoor LoS. The measured SNR
levels also indicate headroom for higher-bitrate communication at
shorter ranges, which we demonstrate in the following experiments.
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Figure 18: M* supports transmission and reception across a complex indoor
NLoS environment with multiple concrete walls. The transmitter maintains
SNR above 5dB up to 46 m, while the receiver captures signals up to 64 m.

L10 L11 112 L13

Reception range. M? enables low-power reception through au-
todyning. We evaluate reception range in the same indoor NLoS
environment, with a USRP B200 transmitting at 10 dBm (regulatory
limit for maximum strength transmissions at our location) and the
M? receiver kept at a fixed location. The downconverted IF signal
at 100 kHz is monitored via a spectrum analyzer. As shown in Fig-
ures 18(a) and 18(c), M? detects signals from up to 64 m through mul-
tiple concrete walls, extending beyond 100 m (Location 13) when
transmit power is increased to 30 dBm. Compared to SoMix [58],
which reports 54 m indoor NLoS range at 868 MHz and 30 dBm,
M? achieves longer range at 20 dB lower transmit power. While
433 MHz provides an approximate 6 dB free-space advantage over
868 MHz, this alone does not account for the reception range im-
provement. We attribute the remaining advantage to lower conver-
sion loss, higher sensitivity, and improved carrier stability. These
results highlight M*’s potential for practical deployments by en-
abling low-power reception without a dedicated ED.

Symmetric M?>-to-M? range. M? enables low-power tag-to-tag
communication. We evaluate a fully symmetric end-to-end link in
which both nodes use a M? transceiver, operating at 433 MHz with
an intermediate frequency of 200 kHz. We conduct the experiment
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Figure 19: Two M? nodes achieve reliable tag-to-tag communication up to 40 m
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Figure 20: M? supports reliable communication up to 500 kbps with near-zero
BER at short range. The maximum tested rate is limited by the CC1310 receiver,
not M?. Higher bitrates are achievable with a wideband receiver.

in a complex indoor environment, a challenging setting where
state-of-the-art solutions achieve only a few meters of range at low
bitrates [69, 79]. We gradually increase separation between the two
M? nodes and record the SNR of the downconverted IF signal at the
receiver. Figure 19 shows that received SNR decreases gradually
with distance, remaining observable up to 40 m. This demonstrates
the potential for tag-to-tag communication using M?* without an
active transceiver or ED. These results indicate that M? can help
realize the long-standing vision of ambient backscatter [50].

4.3 Communication Reliability

We next evaluate the reliability of communication enabled by M?
across bitrate, distance, and deployment scenarios.

Supported transmission bitrate. We evaluate the bitrate sup-
ported by the M? transmitter by generating 2-FSK signals carrying
pseudorandom payloads at bitrates from 3 kbps to 500 kbps. The
pseudorandom payload prevents bias in errors. For each rate, we
scale frequency deviation proportionally and collect 6,000 packets
across three runs using a CC1310 receiver at 1 m and 5 m. We limit
this study to 500 kbps, the maximum 2-FSK bitrate the CC1310
supports. The M? transmitter can likely support higher bitrates, as
Figure 14 shows successful SoM at larger baseband frequencies. Fig-
ure 20 shows that at 1 m, BER remains near zero up to 200 kbps, indi-
cating a highly stable short-range link; even at 500 kbps, BER is only
0.0009. At 5 m, BER begins rising beyond 100 kbps, reaching approx-
imately 0.017 at 200 kbps and 0.03 at 500 kbps. These BER values are
significantly better than those of related systems [65, 70, 100, 103],
a direct consequence of the RTO’s exceptional stability.
Transmission bit error-rate. We evaluate the reliability of M?
transmissions (measured through bit error-rate) in a complex NLoS
environment with multiple rooms separated by thick concrete walls,
as shown in Figure 21, using 2-FSK modulation. We focus on this
for brevity as it is a challenging environment. We conduct two
experiments, with the first at 3 kbps bitrate with a subcarrier offset
of 90 kHz and frequency deviation of 10 kHz; the second at 100 kbps
with a subcarrier offset of 844.44 kHz and frequency deviation of
44.44kHz. These configurations support a range of practical scenar-
ios. Furthermore, owing to their small frequency deviations, they
enable concurrent transmissions from multiple nodes via Frequency
Division Multiple Access (FDMA), as we demonstrate in Section 4.4.
We place the M? transmitter in one room and collect 1,000 packets
across three runs at each receiver location in subsequent rooms.
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Figure 21: M? enables NLoS transmission through multiple concrete walls and
metallic beams, with reliable reception up to 33.5m across tested bitrates.

Figure 21 shows a maximum range of about 33.5m across both
bitrates, with peak BER reaching 0.023 for 3 kbps (L4b) and 0.057
for 100 kbps (L8). Given the complex environment and distances
involved, communication remains reliable for practical embedded
deployments. We also estimate the bitrate supported by the M?
receiver using theoretical calculations as detailed in Figure 24 and
Appendix B, showing support for bitrates over 10 kbps at a 1073
BER threshold at distances up to 50 m in this NLoS environment.
M? as an emitter device. We evaluate whether M? can serve as
a low-power ED for backscatter systems. We place M? at a fixed
position and measure SNR and BER from a 2-FSK backscatter tag at
varying distances (details in Appendix C). As shown in Figure 25,
M? can support legacy tags, reducing the need for dedicated ED.
Adjacent channel interference. We evaluate the M? receiver’s re-
liability to adjacent channel interference. A USRP B210 transmitter
3 m away generates the desired signal at a fixed 200 kHz offset from
the RTO frequency, reflecting practical deployments where an inter-
ferer may occupy an adjacent channel. A second co-located USRP
generates the interfering signal, sweeping its frequency offset and
power to vary the interferer-to-signal ratio (ISR). Figure 22 shows
degradation within a few decibels relative to the interference-free
baseline, with no measurable dependence on ISR or interferer offset.
However, when the interferer is both strong and spectrally close
to the RTO frequency, the RTO exhibits injection pulling or lock-
ing, occurring at an ISR of 30 dB for offsets up to 300 kHz. These
results confirm that the M? frontend rejects most adjacent channel
interference, failing only under high-power interferers within the
RTO’s locking range, a scenario unlikely in deployments.

4.4 Multi-User Communication

We demonstrate multi-user communication by operating three M?
transmitters concurrently in the indoor environment of Figure 18(a).
The transmitters (TX1, TX2, TX3) are co-located 1 m apart between
L2a and L2b, all tuned to the 433 MHz band. We adopt FDMA, allo-
cating each transmitter a distinct channel, as shown in Figure 23(a).
Each transmitter is modulated with a 2-FSK baseband signal at
sub-carrier offsets of 844.44 kHz, 1.071 MHz, and 1.071 MHz, respec-
tively; the last two transmitters use RTOs with slightly different
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center frequencies, ensuring distinct channels despite the identical
offsets. All three communicate at a bitrate of 10 kbps. A CC1310
receiver collects 1000 packets across three runs at each location.
Figure 23(b) shows the results. All three transmissions are received
concurrently with BER remaining near zero, rising only at farther
locations due to signal degradation. Although the SAW resonator
fixes the RTO frequency, the SoM property allows each transmit-
ter to place its modulated signal at a different IF offset, effectively
creating distinct channels. To change the RTO frequency, SAW
resonators of different resonant frequencies could be used.

5 Conclusion

We presented M?, which breaks the power-stability tradeoff in oscil-
lator design by generating a carrier at 105 yW with stability below
2.10 ppm. M? also exhibits self-oscillating mixing and autodyning,
enabling transmission and reception over tens of meters indoors.
In deployments such as a university food court, M* maintains drift
under 35 ppm. We further show tag-to-tag link up to 40 m. M? takes
a concrete step toward eliminating the delegation architecture that
has constrained embedded systems for over a decade.
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Figure 25: M” operates as a carrier emitter for backscatter communication. As
the ED to tag separation increases, both the backscattered signal strength and
the communication range decreases.

A Comparison of State-of-the-art Oscillators

Modern wireless embedded systems employ a mix of ring, LC/DCO,
resonator-referenced, and precision-reference oscillators, which
are increasingly integrated into full transceiver chips rather than
exposed as standalone blocks. For example, crystal-free narrowband
radios often share an LC-tank digitally controlled oscillator across
RX and TX to reduce power and area [6, 7], but still rely on over-
the-air references and careful calibration to remain on-channel. At
the other extreme, free-running ring-oscillator systems can achieve
low power but typically require receiver-side drift compensation
or protocol support to remain decodable. Precision references such
as OCXOs occupy the opposite end of the design space. They offer
excellent frequency stability and low phase noise, but are generally
used as low-frequency references and require an additional PLL
synthesis chain to generate an RF carrier at the target band.

Across these oscillator families, three challenges recur. (i) Fre-
quency stability (ppm): free-running rings without a crystal can
support packet-level communication only with receiver assistance
or over-the-air correction; absolute ppm-level stability is gener-
ally unavailable without a reference [53, 111]. SAW and crystal-
referenced designs improve this significantly, while OCXOs push
stability further, albeit typically as reference sources rather than
direct RF oscillators. (ii) Phase-noise versus power tradeoff: LC oscil-
lators improve close-in phase noise but usually at the cost of higher
current and larger area; commercial VCOs offer good phase noise
while consuming a few milliwatts, which is often too costly for
small-battery or battery-free nodes [55-57]. OCXOs can achieve
excellent spectral purity, but their tens-of-milliwatts power cost and
need for a synthesizer chain make them unsuitable for low-power
RF designs. (iii) Temperature drift, aging, and supply sensitivity:
SAW-resonator oscillators provide tight initial tolerance and low
temperature coefficients using simple single-transistor loops, but
are typically fixed-frequency, have limited pulling range, and of-
fer modest RF output, making them well suited to beacon-class
nodes [28, 62, 113, 121]. M? targets this operating point but at sub-
stantially lower power than conventional RF oscillators.
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M? co-designs an RTO such that the high-Q resonator anchors
the carrier, while the tunnel diode’s SoM behavior collapses what
would otherwise be separate LO and mixer stages into a single stage.
Unlike prior TDO based transmitters such as Judo [104] that require
injection locking to an external carrier signal from ED for stability,
or TDO designs that retain low power by tolerating much poorer
stability [65, 77, 99], M? preserves microwatt-class TDO operation
while removing the ED by allowing the resonator to define the
oscillation frequency. In this sense, M? bridges the gap between
discrete low-power SAW oscillators and integrated LC or ring-
based radios, yielding a standalone low-power RF carrier source
with practical stability and phase noise for sub-GHz applications.
Table 5 summarizes related systems and commercial oscillators.

B Estimated BER from Measured SNR

We estimate the achievable bitrate of the M? receiver from the
measured SNR of the downconverted IF signal using standard BER
expressions for 2-FSK modulation [54]. We use representative mea-
sured SNR values of 18 dB and 5 dB, corresponding to NLoS lo-

cations L1 and L12, respectively. For each case, we convert the
measured SNR to an effective E, /N as a function of bitrate and

compute the corresponding BER. Figure 24 shows the resulting
analytical estimate and the 1073 BER threshold. The results sug-
gest that the M? receiver can support bitrates exceeding 10 kbps
in this complex NLoS environment. We emphasize that this is an
SNR-based estimate derived from measured downconverted signal
quality, rather than a BER measurement of a complete receiver.

C M? as an Emitter Device for Backscatter

M? can also function as an ED that provides the carrier for backscat-
ter communication. To evaluate this, we place M? as an ED at a
fixed location in a LoS environment and position a legacy backscat-
ter tag at fixed ED to backscatter tag separations of 0.5m, 1.0 m,
and 1.5m. We then vary the distance between the tag and the re-
ceiver to study both signal strength and link reliability. For the
signal-strength experiment, the backscatter tag is configured with
a baseband tone at 100 kHz, and the strength of the backscattered
signal is measured using a spectrum analyzer. Figure 25(a) shows
that the received backscattered signal decreases as the receiver dis-
tance increases and as the ED to tag separation grows, as expected.
For the reliability experiment, the backscatter tag is configured for
2-FSK modulation at 3 kbps, following the same packet structure
as earlier experiments, and the backscattered packets are decoded
using the same receiver setup as in the main evaluation. Figure 25(b)
shows that when the ED to tag separation is 0.5 m, the system sup-
ports backscatter communication up to 37 m while maintaining
BER below 0.01. When the ED to tag separation is increased to
1.0 m and 1.5 m, communication remains reliable up to about 11 m,
again with BER below 0.01. These results suggest that M? can serve
as a practical low-power ED for backscatter tags.

D RTO using Tunnel Diode 3I306E

We build an RTO in the 433 MHz band using the 3I1306E tunnel diode
and evaluate its frequency and amplitude stability over 4 hours, as
reported in Table 3. Its I-V characteristics are shown in Figure 3.
Figure 26 shows the drift over this period. As shown in Table 3,
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System / Work Frequency band Stability Phase noise Power. RF strength
consumption
Kim et al. (2016) [45] 400 MHz N/R —90.3 dBc/Hz @ 1 MHz 242.1uW* N/R
Wheeler et al. (2017) [111] 2.6-3.1 GHz 40 ppm —92.1 dBc/Hz @ 100 kHz 1.537 mW* —5.3dBm
Burnett et al. (2017) [7] 2.4 GHz of ~ 491kHz N/R 105 uW* N/R
Jung et al. (2018) [40] 490 MHz N/R —94.84 dBc/Hz @ 1 MHz 45 uW* N/R
Maksimovic et al. (2019) [53] 2.4GHz 40 ppm N/R 847 pw* ¥ —10dBm
Wang et al. (2019) [107] 400-433 MHz N/R —105.65 dB¢/Hz @ 1 MHz 240 pW* —20 dBm
Varshney et al. (2019) [103]* 868 MHz N/R ~ —80 dBc/Hz? @ 100 kHz 57 uW -19 dBm
_ 105 pW* RX;
Burnett et al. (2020) [6] 2.4 GHz o =677 kHz N/R 364uW* TX —12 dBm?*
Lin et al. (2021) [49] 921.6 MHz N/R —96.2 dBc/Hz @ 1 MHz 287.35 uW* —14 dBm
Cheng et al. (2023) [10] 423-450 MHz N/R —88 dBc/Hz @ 1MHz 870 yW —7dBm*"
Chang et al. (2024) [8] 419-445 MHz N/R —87 dBc¢/Hz @ 1 MHz 890 uw* ¥ —6.9dBm
Whu et al. (2025) [113, 121]* 984 MHz 17.2ppm/°C —125.9 dBc/Hz @ 100 kHz 123 pW* N/R
MAX2608 [56] 300-500 MHz N/R —100 dBc/Hz @ 100 kHz 7.425 mW —10 dBm
USSP2400-LF [117] 2.4GHz N/R —83dBc/Hz @ 10kHz 16.2mW —1.5dBm
MAX2622 [57] 855-881 MHz N/R —101dBc/Hz @ 100 kHz 24mW @3V —3dBm
MAX2750 [55] 2400-2500 MHz N/R —125dBc/Hz @ 4 MHz 34mW @3V —3dBm
SARCC433M92BXM0? [62] 433.92 MHz N/R N/R ~12mW? ~-30 dBm?
EPCOS R727 QCC8C? [28] 433.92 MHz N/R N/R 10.5 mW? —20dBm
EWOS16-UW? [89] 16.384 MHz 0.05 ppm —148 dBc/Hz @ 10kHz 50 mW N/R
EWO0S10/20° [88] 10/20 MHz 0.10 ppm —150 dBc/Hz @ 10 kHz 75 mW N/R
This work (2025) 433 MHz 2.1 ppm -92.25 dBc/Hz @ 10 kHz, 105 pW ~17.5dBm

-119.02 dBc/Hz @ 1 MHz

N/R: Not reported *Values reported for ASIC implementations Includes oscillator and PA # After using PA that consumes 1.6 mW 'Tunnel diode-based oscillator
2Estimated value from spectrum; exact value not reported *Uses SiC SAW resonator * Application notes give a design using a 25C4228 (NEC) transistor
5433.92 MHz Colpitts topology using BFR92P (Infineon) transistor °OCXO reference oscillator; generating an RF carrier at the target frequency requires an additional PLL.

Table 5: Performance comparison of low-power RF oscillators and selected low-power reference oscillators (OCXOs). Research prototypes appear above the first
midrule; commercial direct-RF oscillators appear below it; OCXO reference sources are shown separately because they are not direct RF carriers.
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Figure 26: An RTO built with the 3I306E tunnel diode exhibits peak-to-peak
frequency drift of about 3.05kHz over 4 hours of continuous operation.

we observe a stability of 5.62 ppm and an amplitude deviation of
0.069 dB. This further suggests that M? is scalable across tunnel
diode types and is not limited to a specific variant.

E Comparison of Transmitter and Receiver
Architectures

Figure 27 places M? in the context of prior transmitter and receiver
architectures. Existing designs typically achieve low power by del-
egating part of the radio functionality to external infrastructure,
such as a nearby ED, helper tone, or external local oscillator. While
these approaches reduce the energy cost at the tag, they require ad-
ditional infrastructure, limit range, or restrict supported modulation
schemes, ultimately constraining deployment scenarios.
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Transmitter architectures. Backscatter transmitters [50, 91, 100,
119], as shown in Figure 27(a), communicate by reflecting and mod-
ulating an external carrier generated by a nearby ED. This enables

low tag power, but the link depends on the availability and strength
of the external carrier, which limits range and deployment flexi-

bility. Reflection-amplifier backscatter transmitters [2, 17], shown
in Figure 27(c), partially address this limitation by amplifying the
reflected signal, but they still require an ED and introduce stronger
unwanted harmonics. Injection-locked transmitters [104], shown
in Figure 27(e), can achieve longer range by stabilizing the TDO
through injection-locking with an external carrier signal, but they
continue to rely on an ED. In contrast, as shown in Figure 27(g),
M? generates its own stable carrier signal locally while retaining
microwatt-scale operation, removing the need for a dedicated ED.
Receiver architectures. Envelope-detector receivers [50, 69, 94],
shown in Figure 27(b), offer low-power reception, but their sensitiv-
ity is limited and they are restricted to simple modulation schemes.
External-local-oscillator receivers [19, 74, 78, 86], shown in Fig-
ure 27(d), support downconversion but require a separate helper
tone or externally generated LO, which again shifts complexity to
infrastructure like an ED. Injection-locked receivers [58], shown
in Figure 27(f), use an external carrier to stabilize the TDO during
reception, but remain dependent on an ED. In contrast, as shown
in Figure 27(h), M? in receive mode downconverts via autodyn-
ing using its own SAW-stabilized oscillator, enabling a standalone
low-power frontend without requiring a dedicated ED for stability.
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Figure 27: Prior transmitter architectures: (a) Backscatter transmitters reflect an external carrier, requiring a nearby ED and limiting range. (c) Reflection-amplifier
backscatter transmitters amplify the reflected signal but still depend on an ED and can generate stronger harmonics. (e) Injection-locked transmitters improve
stability but still rely on an ED. Prior receiver architectures: (b) Envelope-detector receivers are low power but offer limited sensitivity and support only simple
modulation. (d) External-local-oscillator receivers support general downconversion but require a separate ED. (f) Injection-locked receivers depend on an ED. (g, h)
M? enables both transmission and reception using its own SAW-stabilized oscillator, eliminating the need for a dedicated ED.
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