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Abstract—This paper presents a low-voltage low-power
high-speed superregenerative receiver operating in the 2.4-GHz
industrial-scientific-medical band. The receiver uses an architec-
ture in which, thanks to the presence of a phase-locked loop, the
quench oscillator is operated synchronously with the received data
at a quench frequency equal to the data rate. This mode of oper-
ation has several benefits. Firstly, the traditional problem of poor
selectivity in this type of receiver is to a large extent overcome.
Secondly, considerably higher data rates can be achieved than
with classical receivers. Thirdly, the bit envelope can be matched
to the superregenerative oscillator, which improves sensitivity.
The receiver includes an RF front end optimized to support high
quench frequencies at low supply voltages, responding to today’s
increasing demand for high speed and low power consumption.
The prototype implemented is very simple and achieves a data
rate of 11 Mb/s with a current consumption of 1.75 mA at a supply
voltage of 1.2 V—an excellent tradeoff between cost, performance,
and power consumption.

Index Terms—Low power, radio receiver, RF oscillator, superre-
generative receiver.

1. INTRODUCTION

UPERREGENERATIVE receivers are well suited to

short-range wireless communications due to their excep-
tional simplicity, reduced cost, and low power consumption.
Typical applications for this type of receiver are remote control
systems (such as garage door openers, robots, model ships,
airplanes, etc.), short distance telemetry, and wireless security
[1]-[7]. The interest of industry in the superregenerative re-
ceiver is made evident by recent patent applications [8]-[10],
more than eighty years after it was presented by Armstrong in
1922 [11]. Hence, superregenerative architectures are present
today in commercial products, in which they typically operate at
low data rates.! Research on superregeneration has been carried
out in unlicensed RF bands up to millimeter-wave frequencies
[12], [13]. However, only very recent papers report operation
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in the 2.4-GHz industrial-scientific-medical (ISM) band [3],
[51-[71, [14], [15], which, compared to lower frequency bands,
allows larger signal bandwidth to be used and is available
worldwide.

It is well known that classical superregenerative receivers
suffer from poor frequency selectivity when they are applied to
narrowband communications and, consequently, are more vul-
nerable to noise and interference than other systems [2], [16].
This behavior is caused by the characteristic pulsating operation
of the receiver, in which the superregenerative oscillator (SRO)
controlled by the quench oscillator samples the envelope of the
input signal asynchronously at a rate (quench frequency) that is
considerably higher than the modulation bandwidth. During the
sampling process, the SRO is sensitive to the input signal for a
relatively small fraction of the quench period. Hence, the sen-
sitivity periods are much shorter than the data period and, con-
sequently, the RF bandwidth, which is inversely proportional to
the duration of the sensitivity periods, becomes much larger than
the modulation bandwidth.

The selectivity of a superregenerative receiver can be im-
proved by decreasing the quench frequency. In practice, this
limits its use to low data-rate applications. Although the se-
lectivity can also be improved by using special quench wave
shapes, the RF bandwidth will continue to be considerably
larger than the modulation bandwidth [2]. The use of stable
and high-Q) frequency references such as surface acoustic
wave (SAW) or bulk acoustic wave (BAW) devices can also
decrease the reception bandwidth, although this unavoidably
reduces the quench frequency and, therefore, the data rate [4],
[16]. Significant improvements can be obtained by using smart
(2-enhancement techniques, as reported recently in [5] and [6].

Responding to today’s increasing demand for high-speed and
low-power consumption, in this paper we present a superre-
generative receiver prototype designed to support high quench
frequencies. We also make use of a synchronous mode of op-
eration, which has been successfully applied in spread-spec-
trum communications [14], [15] and yields significant advan-
tages over conventional receivers. Thanks to the presence of a
phase-locked loop (PLL), the SRO is quenched synchronously
with the received data so that the quench frequency equals the
data rate. The usefulness of this mode of operation is twofold:
on the one hand, for a given data rate, the quench frequency can
be reduced in comparison with a conventional receiver to obtain
a more selective receiver with an RF bandwidth comparable to
that of the input signal and, on the other, for a fixed quench fre-
quency (e.g., limited by resonator (), the synchronous opera-
tion allows higher data rates to be achieved. Receiver sensitivity
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Fig. 1. (a) Block diagram of a conventional superregenerative receiver. (b) SRO
RF input signal, closed-loop damping function, and output voltage in the linear
mode of operation.

can also be improved when specially shaped symbols are trans-
mitted.

In [17], the design of a superregenerative RF front end con-
ceived to support high data rates is presented. The front end op-
erates at 3 V of voltage supply and reaches 10 Mb/s. In this
paper, we describe the entire receiver architecture and present
an improved design in which the supply voltage has been de-
creased to 1.2 V and the transfer speed increased to 11 Mb/s. The
design achieves very low consumed energy per bit (0.19 nJ/bit),
thus offering excellent performance at low cost.

II. BASIC THEORY OF SUPERREGENERATION

The block diagram of a conventional narrowband superregen-
erative receiver is shown in Fig. 1(a). The core of the receiver
is the SRO. It is an RF oscillator that is controlled by a low-fre-
quency quench generator or quench oscillator, which causes the
RF oscillations to rise and die out repeatedly. The signal gener-
ated in the SRO is composed of a series of RF pulses separated
by the quench period 7}, in which the periodic buildup of the
oscillations is controlled by the input signal v(t), as depicted in
Fig. 1(b).

In the linear mode of operation, the oscillations are damped
before they reach their limiting equilibrium amplitude, and their
peak amplitude is proportional to that of the injected signal. In
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the logarithmic mode, the amplitude of the oscillations is al-
lowed to reach its limiting equilibrium value, which is deter-
mined by the nonlinearity of the active devices. In this mode of
operation, the amplitude of the RF pulses remains constant, but
the incremental area under the envelope is proportional to the
logarithm of the amplitude of v(¢) [3]. In both modes, the mod-
ulating input signal can be retrieved by low-pass filtering the en-
velope of the RF pulses, as depicted in Fig. 1(a). The low-noise
amplifier (LNA) improves signal reception and minimizes SRO
reradiation through the antenna.

According to the analysis presented in [3], the SRO can be
modeled as a frequency-selective network fed back through a
variable-gain amplifier. Typically, the selective network has two
dominant poles that provide a bandpass response centered on
a certain frequency wg, which is characterized by the transfer
function

2(owos

G =
(5) 052 1 2¢owos + wd

ey

where (j is the damping factor and K is the maximum ampli-
fication. The feedback amplifier controlled by the quench oscil-
lator provides a gain K, (t) that varies periodically with time.
The closed-loop operation of the system can be characterized
from the instantaneous damping factor, which is defined as

¢(t) = Go (1 — KoKa(t)). (@)

In the periods in which ((¢) is negative [see Fig. 1(b)], the
system becomes unstable and the amplitude of the RF oscilla-
tion rises. When ((¢) changes to positive, the system stabilizes
and the oscillation is damped.

The behavior of the receiver can be characterized from its
response to a single RF pulse applied within the limits defined
by t, and ?; in Fig. 1(b), which can be expressed as

v(t) = Vpp(t) cos(wt + ¢) 3)

where V' is a positive value representing the peak amplitude and
pp(t) is a normalized shaping function that equals zero outside
the interval (¢,,%5). The voltage generated at the output of the
SRO is another RF pulse that starts increasing at ¢ = 0 (i.e.,
when ((t) crosses zero with a negative slope) and achieves the
maximum amplitude at ¢ = ¢, (i.e., at the zero crossing of ((t)
with a positive slope). The expression of the output pulse within
the interval (0, T) is [3]

vo(t) = VK |H(w)|p(t) cos (wot + ¢ + LH(w)) (4)

where K is an amplification factor, H (w) is a normalized band-
pass frequency-response function centered on wy, and p(t) is
the normalized output pulse envelope. K, H(w), and p(t) are
mainly determined by the frequency and shape of the quench
signal, and their expressions can be found in [3]. In particular,
K can be calculated through

tp

K = KoK.Cowo / u(B)s(t)dt )

ta

where K is the superregenerative gain, which is associated with
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Proposed receiver: one sample per bit
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Fig. 2. Time and frequency diagrams representing the SRO input and output signals with OOK modulation. (a) Taking several samples per bit (classical receiver).

(b) Taking one sample per bit (implemented receiver).

an exponential buildup of the oscillation

K, = e~ Jy cax )
=

and s(t) is the sensitivity curve, a normalized function that takes
the maximum of unity at £ = 0 [3]

s(t) = 0 Jo €O g —H(2)

When the slope of ((¢) at ¢ = 0 is finite, s(¢) can be approxi-
mated by a Gaussian function, as expressed in (7), whose stan-
dard deviation o is considerably smaller than the quench pe-
riod. Simulation carried out in [18] predicts 0.037, < o, <
0.15T; for normal conditions of operation. Consequently, (5)
shows that the receiver is especially sensitive to the input signal
in a certain environment at the instant ¢ = 0, which is called
the sensitivity period. This point confirms the behavior of the
SRO as a sampling device. The RF bandwidth of the receiver
is proven to be inversely proportional to o, in accordance with
(31, [18]

)

1n2i. ®)

Os

Af 3dB =

Fig. 2(a) illustrates operation in the linear mode of a conven-
tional receiver with a narrowband on—off keying (OOK) modu-
lated input signal. The SRO is asynchronously quenched several
times during each bit period 7, to satisfy the Nyquist criterion
so that the information can be retrieved by low-pass filtering the
baseband bit samples. As shown in Fig. 2(a), since the sensi-
tivity period is much shorter than the bit period, the resulting
RF bandwidth is much greater than the modulation bandwidth.
Roughly, 0, < Ty < Tj; therefore, Af_.qg > fo = 1/Ts.
This is the main reason why this receiver exhibits poor selec-
tivity.

III. SYNCHRONOUS OPERATION OF THE RECEIVER

Fig. 2(b) illustrates the mode of operation employed in
the current receiver for detecting OOK-modulated signals.

YV

v Yo [Envelope| VE V4. To decision
w SRO detector BBA circuit
Quench [ YLF| Loop
VvVCO filter

Fig. 3. Block diagram of the synchronous superregenerative receiver.

The SRO is quenched synchronously with the received signal
so that a single sample of each bit pulse is taken. The syn-
chronous operation of the SRO has already been exploited in
spread-spectrum communications. However, unlike the archi-
tectures described in [14], in which the input signal is sampled
at a rate of one sample per chip with subsequent integration
of the chip samples to retrieve the bit values, in the current
approach, the bits are sampled directly. This means that the
quench frequency equals the bit frequency. Since the duration
of the sampled bit is closer to that of the sensitivity period,
the bandwidth of the modulated signal and that of the receiver
become similar. Moreover, the synchronous operation allows
the use of special bit envelopes that concentrate the signal
energy in the sensitivity periods. In particular, (5) indicates
that the receiver operates as a matched filter when the signal
envelope matches the sensitivity curve, i.e., when py(t) = s(t).
In this way, the receiver can make more efficient use of the
incoming signal power.

The block diagram of the receiver is shown in Fig. 3. It incor-
porates a PLL that controls the quench voltage-controlled oscil-
lator (VCO) to ensure bit sampling is properly carried out. The
error signal is obtained from the output of the envelope detector,
which is passed through a baseband amplifier (BBA) and a loop
filter. Fig. 4 shows the normalized envelope of the received bit
pulse and the sensitivity curve of the SRO under normal oper-
ation. Once acquisition has been achieved, the loop performs
tracking by centering the sensitive periods of the SRO on the
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lation.

ascending flanks of the bit pulses received. Thus, the phase de-
viation of the quench VCO with regard to the received pulse re-
sults in an amplitude variation at the loop-filter output that tends
to correct the error. Operation on a single flank allows a simpler
architecture to be implemented.

IV. USE OF THE SRO AS A PHASE DETECTOR

The classical theory of PLLs is applicable to the current de-
sign. The main novelty in this scheme is in the way in which the
phase is detected by the SRO. Proper PLL performance requires
that the sensitive periods of the SRO be centered on the rising
flanks of the bit envelopes, which means that a certain tracking
error § must exist for a given input-signal amplitude Vs when the
input bit frequency fj is locked (Fig. 4). From (4) and (5), the
incremental voltage of a tuned receiver at the envelope detector
output when the sensitivity curve is delayed ¢4 s with respect
to the equilibrium point in Fig. 4, as well as for a generic peak
amplitude V' of the input bit pulse, is defined by

Avg = VKoK Cowop(t) D(ta, V) €))

where the function p(t) is subsequently averaged by the loop
filter and D(t4, V') provides the discrimination characteristic
Vs

8) — — Rpps(—0).

% (10)

D(tq,V) = Rpps(ta —
R,u5(7) is the cross-correlation of p;(t) (normalized bit enve-
lope) and s(t) (sensitivity curve of the SRO).

As has been mentioned, a return-to-zero bit envelope matched
to the sensitivity curve of the SRO (py(t) = s(t)) is optimum
for the SRO. Assuming this condition and also the Gaussian ex-
pression of s(t) (7), the expression of the discrimination char-
acteristic becomes

DlarV) = vio. (¢ ) - ). an

Fig. 5 shows the normalized discrimination curves for sev-
eral values of § with V' = Vj, where the origin corresponds
to a stable equilibrium point of operation. Generally, as is con-
firmed in practice, the best performance from the point of view
of tracking occurs when ¢ is approximately 1.7 o, as it provides
a linear behavior with a larger dynamic range around the origin.
However, a smaller value may be preferred in order to increase
the output signal-to-noise ratio, especially at low signal levels
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Fig. 5. Normalized discrimination characteristic for several values of ¢ and
V= V.

(ideally, 6 = 0 from the point of view of data detection). There-
fore, a compromise must be established in practice.

V. DESCRIPTION OF THE IMPLEMENTED PROTOTYPE

A schematic diagram of the implemented receiver is shown in
Fig. 6.Itis a discrete-element prototype based on the diagram in
Fig. 3 and built on a printed circuit board (PCB) with a 0.8-mm
FR-4 substrate.

The RF part (LNA, SRO, and envelope detector) is based on
the design presented in [17], which was developed and electro-
magnetically simulated with Agilent Technologies’ Advanced
Design System (ADS). The BFP405 transistor is used in the RF
stages to take advantage of its high gain at low biasing currents
and low parasitic capacitances. The LNA is a cascode configura-
tion providing high reverse isolation of approximately 38 dB. It
includes an input matching network to achieve a minimum noise
figure below 3 dB. The SRO is built on a Colpitts oscillator op-
erating at 2.45 GHz, in which the inductance is provided by a
small microstrip line. The quench is applied through the base
by means of an RF choke to avoid oscillator loading effects.
The LNA and the envelope detector are connected to the SRO
transistor base to take advantage of higher signal amplitude. The
impedance of the choke and of the inter-stage capacitors is care-
fully chosen to avoid unwanted filtering of the quench signal at
high quench frequencies. The resonance frequency of the loaded
SRO is adjustable around 2.45 GHz, and the quiescent loaded @,
when the quench is disabled, equals 38. This value is the result of
a compromise between achieving high quench frequencies and
low current consumption. The envelope detector is built on a
common-collector configuration in which the emitter capacitor
is charged by the transistor and discharged through the emitter
resistor. It includes a filter in the biasing network to remove the
quench components transferred from the SRO. Limited by the
cascode, the minimum supply voltage of this architecture is ap-
proximately 0.95 V. Further details on the RF part are described
in [17].

The BBA makes use of a common-emitter inverting ampli-
fier to increase the amplitude provided by the envelope detector
from approximately 50 mVpp to 0.5 Vpp on an output load of
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Fig. 6. Complete schematic of the implemented receiver (11-Mb/s data rate).
10 pF. A clamper is included at the output to restore the upper T YN A
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to perform the data detection and, unlike classical receivers, no — . .
low-pass filter is required to integrate the bit samples and re- Quench
move the quench components. voltage
A common-base Colpitts oscillator acts as the quench VCO,
in which a rem.stlve feedback network and the coupling capac- Baseband
itor of the varicap act as a first-order loop filter. The quench amplifier
signal generated is sinusoidal and has a relatively small ampli- output
tude, which ensures that a more selective receiver is obtained. Rebuilt
The quench signal is taken from the emitter because of the low data
output impedance in this node. The signal inversion caused by

the BBA amplifier means that the PLL leads the SRO to operate
on the descending flank of the received pulses instead of the as-
cending one (Fig. 4).

A modified version of the scheme in Fig. 6 adapted to operate
at a lower rate of 1 Mb/s was also evaluated.

VI. EXPERIMENTAL RESULTS

The performance of the architecture presented was evaluated
at 1- and 11-Mb/s data rates. Fig. 7 shows a sequence of the
modulating signal and the corresponding voltages measured at
the receiver side at 11 Mb/s. Fig. 8 shows the frequency selec-
tivity curves at 1 and 11 Mb/s and Table I summarizes the re-
ceiver’s main features. The signal modulation was, in all cases,
an OOK modulation with a matched Gaussian bit envelope to

@G 200mv__ Ch2] 500mv__ M[100ns A Ch1 7 80.0mV
ch3[500mv __ chd[ 2.00V

Fig. 7. Signals at the transmitter and receiver sides at 11-Mb/s data rate.

improve sensitivity and facilitate PLL operation. The selectivity
curves were obtained from the rejection of a continuous wave
(CW) signal with regard to the reception center frequency. The
—3-dB bandwidth is 5 and 38 MHz, respectively. Note that the
ratio between the receiver RF bandwidth and the data rate is
much smaller than in a classical receiver. For instance, a clas-
sical receiver operating at 1 Mb/s and taking ten samples per bit
would require a quench frequency of 10 MHz, thus exhibiting
a bandwidth close to 38 MHz. With the synchronous operation,
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TABLE I
SUMMARY OF RECEIVER PERFORMANCE
1-Mb/s | 11-Mb/s .
Parameter data rate | data rate Unit
Supply voltage 1.2 A%
Reception center frequency 245 GHz
Signal modulation OOK, Gaussian bit
envelope
Quench waveshape Sinusoidal
-3 dB bandwidth 5 38 MHz
Sensitivity level (BER=107) -92 -81 dBm
Peak-to-peak output voltage at
sensitivity level (10 pF load) 0.5 0.5 v
Typical PLL pull-in / hold-in range
(RF input level = 10 dB above 1.5/2.7 | 20/38 | kHz
sensitivity level)
Input-signal dynamic range 45 - 65 16 - 40 dB
Input-referred 1P3 -23 -12 dBm
Leaked power at the antenna
(10-MHz bandwidth) <67 | <-63 | dBm
Total power consumption 1.1 2.1 mW

the RF bandwidth is only 5 MHz. At 11 Mb/s, the ratio between
the RF bandwidth and the data rate, which is equal to 3.5, is
even more favorable. In comparison with a Bluetooth receiver,
the current prototype at 1 Mb/s turns out to be less selective [19].
However, the use of a matched modulation consisting of a bit en-
velope with relatively small duty cycle will generally introduce
additional rejection to both adjacent channel and cochannel in-
terference.

A characteristic of the implemented receiver is that the de-
modulated output becomes independent from the input signal
level within a certain range. The reason for this is that the loop
advances or delays the phase of the quench VCO to regulate the
amount of input signal power that falls into the sensitivity pe-
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TABLE II
DISTRIBUTION OF THE CURRENT CONSUMPTION IN
THE RECEIVER IN MICROAMPERES

Block 1-Mb/s 11-Mb/s
data rate data rate
LNA 410 410
SRO 180 420
Envelope detector 110 110
Quench VCO + 140 290
loop filter
BBA 70 520
TOTAL 910 1750
TABLE III
COMPARISON OF SUPERREGENERATIVE RECEIVER PERFORMANCE
This
[ [4] [61 work
Operating 1GHz | 19GHz | 24GHz | 2.4 GHz
frequency
Data rate 100 kb/s 5 kb/s 500 kb/s 11 Mb/s
Sensitivity | -107.5dBm| -100.5
’ -80 dBm | -81 dBm
(BER=10°) | @12kb/s | dBm
Power 12mW | 04mW | 28mW | 2.1mW
consumption
Eirt‘ergy PEC 1 12nibit | 80nibit | 5.6ni/bit | 0.19 ni/bit

riods of the SRO. This ensures that, in the steady state of opera-
tion, the control signal of the VCO exhibits a fixed level to main-
tain the loop in lock. This self-regulation mechanism acts as an
automatic level control. The supported input dynamic range de-
pends in practice on the characteristics and adjustment of the
loop filter.

Table II shows the distribution of consumption in the receiver
and Table III compares the implemented receiver with other re-
ported superregenerative architectures. The data rate achieved
by the current prototype exceeds that of previous designs by
more than one order of magnitude, and the energy per received
bit is substantially lower. Its sensitivity is also remarkable in
comparison with the data rate. The net sensitivity improvement
due to the use of a matched bit envelope taking into account the
tracking error of the PLL is in the order of 7 dB.

Finally, we mention that the implemented SRO can be oper-
ated at higher data rates (nearly 18 Mb/s). However, sensitivity
decreases progressively due to hangover limitations [3].

VII. CONCLUSION

In this paper, a high-performance superregenerative receiver
has been presented that allows the limits of superregeneration
in the ISM band of 2.4 GHz to be assessed. The receiver uses a
moderate resonator () to support high quench frequencies and
operates in a synchronous mode, the latter yielding a significant
number of advantages as follows.

1) Increased data rate: since this rate equals the quench fre-

quency and not a fraction of it. In particular, 11 Mb/s is
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a landmark value for this type of receiver that clearly sur-
passes previously reported values [1]-[7].

2) Improved selectivity: the RF bandwidth of the receiver is
much closer to the bandwidth of the received signal, over-
coming one of the traditional drawbacks of the receiver.

3) Improved sensitivity: the use of a matched bit envelope al-
lows the bit energy to be concentrated in the sensitivity
periods of the receiver. The improvement typically ranges
from 5 to 10 dB.

4) Simplicity: since each received bit can be detected in a
single quench period, the synchronous receiver does not
require the relatively high-order low-pass filter that is
commonly included in conventional receivers to remove
quench components.

5) Reduced power consumption: for a given data rate, the re-
ceiver can be quenched at a lower frequency, which reduces
current consumption in the SRO.

6) Data clock: the quench signal can be used as a bit-syn-
chronous clock reference in subsequent circuits, which ren-
ders additional clock recovery circuits unnecessary.

In summary, the current design demonstrates that superregen-
erative receivers can be successfully operated in the 2.4-GHz
ISM band with an outstanding tradeoff between cost, perfor-
mance, and power consumption. The synchronous operation is
also applicable to high-Q) SROs operating at low data rates.
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