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Abstract—Active transponders based on super-regenerative
oscillators (SRO) have the advantages of high gain, low power
consumption, and a compact implementation. They are based on
a switched oscillator excited by a low amplitude FMCW signal,
which provides an approximately phase-coherent response. Due to
the system complexity, involving the start-up transient and a time
varying phase shift, any realistic modeling is demanding. Here an
accurate formulation is presented, which makes use of an
instantaneous phase function, extracted through a circuit-level
envelope-transient simulation of the standalone SRO in a single
quench period. The formulation based on this phase function
avoids all the simplifications considered in previous works. It
provides the relationship between the baseband frequency and the
distance to the target with no need for long time simulations of the
transponder system. For illustration, the method will be applied to
an SRO at 2.7 GHz, which has been manufactured and measured.
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I. INTRODUCTION

The work [1] presented a novel type of secondary radar
system based on a super-regenerative oscillator (SRO), with
ranging and communications capabilities and no need for
synchronization with the reader system. The SRO, switched on
and off by a quench signal, responds to the interrogation with
an approximately phase coherent signal [1], [2] and has the
advantages of a low consumption and high gain, mainly due to
the oscillator exponential start-up transient [3], [4]. Following
[1], [2], other concepts and applications have been proposed
[5], [6], [7], [8], [9], including positioning based on multiple
backscatter transponders [6] or novel implementations with
downmixing capabilities to bust the reception frequency [5].
The operation principles have been demonstrated with
theoretical ~derivations and the benefits have been
experimentally confirmed. However, the demonstrations are
based on overly idealized models of the switched oscillator,
represented as a carrier with a rectangular modulation
amplitude. Instead, the envelope of the switched oscillation will
depend on the dynamics of the particular circuit. In previous
models, the phase difference with respect to the input signal is
assumed to be a linear function of time, whereas the oscillator
frequency undergoes instantaneous variations during the
transient to the steady state. Though the simplified analyses
provide an insightful description of the transponder operation,
they will be insufficient for the realistic prediction of the SRO
behavior.

In this work we present a realistic formulation of an SRO
transponder with ranging capability. It relies on a nonlinear
phase function y(t, w), depending on time and the excitation

frequency @, which can be extracted through a simple circuit-
level envelope-transient simulation of the standalone SRO in a
single quench period. This function is used to predict the SRO
response to a FMCW interrogation signal, as well as the reader
baseband output, which provides the distance to the target. The
new formulation avoids all the previous simplifications and
enables an efficient computation of the baseband output. As
will be shown, the results are in excellent agreement with costly
circuit-level envelope-transient simulations, carried out during
the long-time intervals required for the range calculation. For
illustration, the method will be applied to an SRO at 2.7 GHz,
which has been manufactured and measured.

II. NONLINEAR PHASE FORMULATION

The schematic of the SRO transponder system is shown in
Fig. 1. The base station transmits a linear stepped-frequency
modulated signal:

Ve (£) = Vgp cos dpp(0), (1)
where Vgpp is a constant amplitude and the instantaneous
frequency ¢gr(t) grows in steps Aw = uAT of time-length
AT. In an interrogation cycle, it can be expressed as Pz (t) =
Wrpr = Wo + u(k — N)AT for t € [KAT, (k + 1)AT), where
w, is the free-running frequency of the transponder oscillator,
and k =0, ...,2N (Fig. 1). As explained in [1], the overall
modulation bandwidth Q = 2NAw must be small enough for
the instantaneous RF frequency ¢gr(t) to be close to the
oscillator free-running frequency w,.
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Fig. 1. SRO transponder system. (a) Block diagram. (b). Transmitted
frequency-stepped signal.
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The SRO, at a distance d from the transmitter, receives the
RF input signal: v;,(t) = a(d)vgr(t — 1) = B cos ¢gp(t —
T), where a(d) is the attenuation due to the transmission loss,
B is the attenuated amplitude, B = a(d)Vgp, and 7 is the time
of flight T = d/c. On the other hand, the oscillation is switched
on and off by a low-frequency quench voltage signal that
modulates the bias voltage, given by v,(t) =V, cos(wpt +
¢m), where w,,, = 21 /T,,. Note that the oscillation may reach
a saturated amplitude before being switched off by v, (t). In
fact, the SRO response will depend on the design and its
stability properties, so the modelling of its output voltage v, (t),
addressed in Sub-Section A, is not straightforward. The output
voltage v, (t) is sent to the transmitter, and then mixed (Fig. 1)
with vge (t). The resulting signal is filtered by a low-pass filter
to obtain the baseband component:

vp(t) = (v (D) vgr (8)) * h(2) 2)

where v,.(t) = a(d)v,(t — 1), h(t) is the impulse response of
the filter, and * is the convolution operator.

A. Phase response of the standalone SRO

To obtain the SRO model, we will analyse its behaviour
when isolated from the transponder system. This analysis will
be illustrated through its application to the FET-based oscillator
at w, = 2w - 2.76 GHz shown in Fig. 2. The oscillation is
switched on and off with a sinusoidal quench signal v, (t)
introduced in the bias voltage. In each quench cycle [0, T, ], the
oscillation is triggered at the time value t = ¢, fulfilling
v,(t,) = —0.86 V and switched off when the quench-signal
voltage decreases from this value.

Quench signal

Fig. 2. SRO circuit. The prototype is a FET-based SRO built on Rogers 4003C
substrate (& = 3.55 and H = 32 mils). The transistor is an ATF-34143 HEMT.
The quench signal v, (t) is introduced through the gate bias network. Port 1 is
used to inject the RF signal v;,(t) and extract the output voltage v, (t). Port 2
is used to monitor the oscillation signal.

In the analysis of the standalone SRO, we will consider the
RF input signal v;,(t) = B cosip(t) , Pin(t) = wrp(t —
to) + @ino , where B is the input amplitude and ¢y, , is the
phase at the start-up time t =t,. The frequencies wgpy €
[w, — Q/2,w, + Q/2] and w, are, in general, much higher
that w,, . Thus, to accurately capture the SRO transient
dynamics, we will perform a circuit-level envelope-transient
simulation [10], [11] during one quench cycle [0,T,,]. As a
result, the computational cost is very limited. Note that there is
no need to simulate the transponder for the 2N frequency steps
of time-length AT . The simulation is carried out with NH

harmonic components, using wgzr as the fundamental
frequency. However, due to the oscillator output filtering
effects, the SRO output signal can be approached as:

Vo (t) = Ao (t) COS((’-)RFt'L + ¢o (t)) (3)

The amplitude term A,(t) evolves according to the
oscillator transient dynamics fulfilling A,(t) > 0 in the
oscillation interval [t,,t, + Tg]. Due to the small-signal input
amplitude, it can be assumed to be independent of wgr. From
[12], [13], it can be shown that any constant phase shift in the
RF input signal is directly translated to ¢, (t). Then, the output
phase can be expressed as:

bo() = bino +v(t, B, wgr) (4)

where the function y (t, B, wzr) models the time-dependence of
the phase ¢, (t) for given values of B and wgp. The function
y(t,B, wgr) can be extracted through a double sweep in
envelope transient. Let [0, By,q,] be the range of RF input
amplitudes considered in the transponder system performance.
This range is discretized as {Bj, ..., By }. For each value B;, the
input RF generator is set to v;,(t) = B; cos wgp(t —t,) and,
since ¢y, , = 0, the function ¥ (¢, B, wgr) = ¢, (t) is extracted
from an envelope simulation during a single quench cycle
[0,T,,]. The values of y(t, B, wgr) for any B values in the
interval B; to By, can be obtained through linear interpolation.
As an example, the functions y(t, B, w,) and A, (t) resulting
from the envelope simulations are shown in Fig. 3. We note the
nonlinear time dependence of y(t, B, w,).
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Fig. 3. Simulation of the standalone SRO showing the interval [t,, t, + T]
where A,(t) >0, with T,,, = 1 us and ¢,, = m. The resulting functions
y(t,B,w,) and A,(t) for B = 20 uV have been represented. The RF input
phase at the start-up time ¢, = 253 ns is ¢;,, , = 0. The center of the oscillation
interval is located at v = t, + T /2 = 507 ns.

In the SRO transponder, the function y(t,B,wgr)
determines the SRO output phase, which will be combined with
that of the transmitter RF source (1) to produce the baseband
signal v, (t). Since () < w,, we can consider a linear frequency
dependence of the function y(t, B, wgr), which, as shown in the
next subsection, will enable the derivation of an analytical
expression for v, (t). Thus, we will express:

V(t; B, wRF) = ]/(t, B, wo) + Yw(t' B)(wRF - (‘)0)' (5)

where vy, (t,B) = dy(t,B,w,)/0w can be approached by
obtaining y(t, B, wgr) for wgr = w, + NAw and applying
finite differences. For the case of Fig. 3, we obtain the
¥, (,B) = —510 ns.



B. SRO transponder system

Next, the behavior of the SRO transponder system will be
described in terms of the nonlinear phase function y (¢, B, wgr).
According to [1], the time-length AT of the stepped-frequency
signal in (1) must be significantly longer than the time of flight
7. Here, for simplicity, we will use the relation AT = 2qT,,,
q € Z*. Then, the system performance will be analyzed at a set
of observation quench cycles S, = [kAT, kAT +T,,], k =
0,...,2N [Fig. 1(b)]. In each observation cycle S, the time
variable will be decomposed as t = kAT +t', t' € [0,T},] .
This decomposition allows mapping the SRO response in any
observation cycle Sy to the time interval Sy = [0, T,,,]. This is
derived from the differential equation system fulfilled by the
vector of SRO state variables x(t) = (x;(t), ..., x,,(t)) at each
t € S. For simplicity of reasoning, we will consider the state-
form system x;(t) = fi(x(t),t), i=1,..,n, where t =
kAT +t' and t’ € S,. In the following, the notation x; , (t") =
x; (kAT + t") will be used. These functions fulfil:

dx:ikt Et ) _ dx‘é‘t(t )_ fiCa (), kAT + t"), (6)
where t' €S, and x;(t') =x(kAT +t') and i=1,..,n
indicates the particular state variable. Then, the oscillator
output voltage in Sy, expressed as v, (t'), agrees with the
signal (3) corresponding to the standalone SRO in t’ € S, when
excited with v, (t") = v, (t") and the RF input signal:

Vink(t') = B cos(¢rr(KAT) + wrp i (t' — 1)) (7
where 7 < t, has been assumed. Then, from (4) the SRO output
phase ¢, (t") and amplitude A, (t") in S are:

Gos(t) = rp(KAT) + wpp (6o — T) + )/(t', B, wRF,k): (®)

and A, (t") = A,(t') since, as stated in Sub-Section A, the
SRO output amplitude is independent of wgp k. Using (3) and
(8), the baseband signal (2) int’ € [t, + 1,t, + Ty + 7] can be
approached as:

vy (t")

=V, (t' — 1) cos (wRF_k(ZT —t,) — y(t’ -1,B, pr,k)) 9)

where V,,(t") = BA,(t")/2. Note that it has been assumed that
the low-pass filter removes the high-order frequency
components of the mixer output. Next, in each Sj the signal
vy (t") is sampled at t" = ¢ lying in the center of the received
symbol. Thus, the sampling time can be expressed as t; = v +
T, where v = t, + T;/2. Considering this sampling time in (9):

Tp i = Vpi(ts) = Vp(v) cos(wp (DKAT + ¢ (7)),  (10)
where the approximation (5) has been considered, and:
wb(T) E”(ZT_to _Yw(V’B))- (11)

The phase ¢, (7) in (10) takes the same value for all the
samples, given by:

#0(1) = 0p(0) (52 = NAT) = 1o, B) + 1 (v, D)y, (12)

where y, (v, B) = y(v, B, w,). Thus, the set of samples ¥, ;, at
kAT, where k = 0, ...,2N conform a periodic sinusoidal signal

with frequency wy, (7). Therefore, the sampled waveform (10)
provides the baseband frequency w,, resulting for each distance
d = ct. In the measurement, this frequency is simply obtained
by applying the FFT operation to the set of samples. Then, the
distance d = ct is derived from (11) using the values ¢t,, v and
Yo (v, B). These values are independent of the time-of-flight ,
so they can be calculated from the analysis or measurements of
the standalone SRO during a single quench cycle (see Fig. 3).
Note that expressions (11) and (12) particularize to the ones in
[1] when considering the linear approach y(t, wgr) = (w, —
wgp)t — w,t,. This serves as a comparison between the two
models. Note that the influence of the nonlinearity in
y(t, B, wgr) will be larger for a shorter oscillation interval,
since the SRO instantaneous frequency will be less stabilized.
To validate the model, we have used a stepped frequency
modulated signal with N = 40 steps of size Aw = 200 kHz,
time between steps AT = 1us, and amplitude B = 20 uV. The
time delay is T = 40 ns, corresponding to d = 12 m, and the
frequency of the sinusoidal quench signal is f;, = 1 MHz. With
these data, the SRO transponder has been simulated with
envelope transient considering NH = 7 harmonic terms. Fig. 4
shows the first 16 samples, ¥}, of the resulting baseband
signal v, (t). The samples conform a periodic signal at the
frequency w,,(7) = 27 - 67 kHz. Introducing this frequency in
(11) (with y,(v,B) calculated in the standalone SRO) we
obtain the prefixed value T = 40 ns, which validates the model.
Next, the SRO transponder has been measured for d =
12 m using the test bench in Fig. 5. The RF signal is generated
with a VSG60A Generator. The quench signal is generated with
the Agilent 8118B Arbitrary Waveform Generator. In the
transmitter, a sample of the RF signal is mixed with the received
signal using a ZEM-4300+ mixer. At the mixer output, the high-
frequency components are filtered with a SLP-10.7+ Low Pass
Filter and the baseband signal is recovered with an Agilent
DS090804A Oscilloscope. The first 16 samples of the sampled
baseband signal are superimposed in Fig. 4. They agree with
the ones obtained in simulation. Then, using y,, (v, B) of the
standalone SRO we obtain again the prefixed value d = 12 m.
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Fig. 4. Normalized sampled baseband signal for d = 12 m. Comparison of the
simulated and measured samples ¥ = v, (t; + kAT). The valued = 12 m
extracted from this sampled signal using (11) (with y,, (v, B) calculated in the
standalone SRO) agrees with the distance used in the simulation and in the
measurement.
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Fig. 5. Schematic of the test-bench. Measurements superimposed in Fig. 4.

III. CONCLUSIONS

A realistic modeling method for active transponders based
on super regenerative oscillators has been presented. It is based
on the extraction of a phase function from an envelope-transient
simulation of the oscillator circuit during a single quench cycle.
After mixing and filtering, the analysis provides an accurate
relationship between the frequency of the sampled baseband
signal and the distance to the target. The predictions have been
successfully validated with envelope-transient simulation of the
complete  transponder  operation and  experimental
measurements.
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