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Abstract—A 1-GHz receiver, integrated in a 0.8-�m BiCMOS
technology, consumes 1.2 mW at 2 V. Based on super-
regeneration, it is dedicated to short-range data exchange up to
100 kbits/s. Sensitivity of�98 dBm is achieved for a selectivity
of 100 kHz. The size of the chip is smaller than 1 mm2.

I. INTRODUCTION

T HE high-volume demand for wireless short-distance data-
exchange components for applications such as home

automation, robotics, computer peripherals, or biomedicine
requires an electronic board with a small number of electronic
components and an optimized cost for the receiver chip. The
reduction of the number of components is not only needed in
terms of cost but also in terms of reliability. The cost and size
reduction in a receiver implies a design without all the big and
expensive components like ceramic or surface acoustic wave
(SAW) filters.

The presented circuit responds to this demand by making
use of an original architecture based on the super-regeneration
principle which was invented by Armstrong in 1922 [1].
This technique was widely used in vacuum tube circuits
until the 1950’s. Then it was progressively abandoned for
the superheterodyne receiver due to its better selectivity.
Nowadays, original analog integrated circuit techniques make
possible a great improvement of the bandwidth and of the
sensitivity of modern super-regenerative receivers.

Low-range data transmissions generally make use of the
UHF industrial, scientific, and medical (ISM) bands, centered
at 916 MHz in the United States and at 433.92 MHz in Europe.
Those bands are characterized by a strong overcrowding, and
for this reason a half-duplex link is generally needed. In this
case the receiver will be battery operated, resulting in an
operating voltage range extending from 2 V to 3.2 V in the case
of a two-cell operation. A small current consumption of the
receiver is essential in order to extend the life of the operated
device.

Typical data rates for ISM applications are usually smaller
than 20 kbit/s; however, a higher bandwidth in the receiver
can reduce the current consumption. Currently, a good power
management associated with a small duty cycle between
operation mode and sleep mode can reduce effectively the
average current consumption. For this reason, a bandwidth as
wide as 100 kHz can be useful for this kind of application.
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Fig. 1. Block schematic.

The small size of the device means that a small antenna
with a poor efficiency will be used. To achieve good per-
formance in those conditions, a high sensitivity is necessary,
which conflicts with the circuit design requirements for low
consumption. For this reason, a tradeoff has to be found in
order to satisfy the two requirements. In this tradeoff we have
to consider that the typical transmission range is smaller than
20 m, and the typical radiated power is smaller than 100W
in order to comply with Federal Communication Commission
(FCC) and European Telecommunication Standards Institute
(ETSI) regulations.

The low-cost option implies a reduction in the silicon size. A
really consequential reduction can only be achieved through
the suppression of double paths like in in-phase quadrature
(IQ) systems. Size consuming filters like the bandpass or
lowpass present in zero intermediate frequency (IF) or low
IF should also be avoided.

Current solutions, generally based on conversion systems,
like zero-IF or low-IF receivers, are penalized by their power
consumption, their minimum operating voltage, and the num-
ber of external components. In this work, the receiver is based
on the super-regeneration principle. Due to the simplified
architecture of the circuit, a 2-V 1.2-mW chip has been inte-
grated on a 6-GHz 0.8-m BiCMOS technology. The external
components are limited to the resonator and to decoupling
capacitors.

II. SUPER-REGENERATIVE RECEIVER PRINCIPLES

A. Block Schematic

Fig. 1 shows the principle of a super-regenerative receiver.
The system is an oscillator, constituted by the gain block
and by the selective feedback network. Two external signals
are connected to this oscillator.
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Fig. 2. Envelope of the oscillator.

The RF input is the terminal connected to the antenna. It will
introduce energy coming from the antenna to the oscillator,
modifying its start-up behavior.

The quench signal is a control signal generated internally.
Its purpose is to modify periodically the close-loop gain of
the system, removing or restoring sequentially the oscillation
conditions.

Without RF signals introduced in the system, the start-up
time of the oscillator is fixed by the different parameters of
the system. They are the unloaded quality factorof the
feedback network, the gain of the amplifier (controlled by the
quench signal), and the amount of thermal noise present in the
circuit. A signal injected in the oscillator will modify the start-
up time, the level of the modification will depend on the gap
between its frequency and the frequency of the oscillator and
on its power level. The measurement of the start-up time of
this oscillator is an image of the amount of RF signal injected
close to the natural frequency of the oscillator.

Fig. 2 shows the difference in the start-up time with and
without an input signal. The start-up time varies with the input
level. Due to the difficulty of measuring accurately the start-
up time of an oscillator, the oscillator is turned on and off
periodically, and this measurement is replaced by the detection
of the mean value of the oscillator.

B. Main Signals Diagram

Fig. 3 shows the main signals of the circuit. The first
line shows the RF input signal, which is 100% amplitude
modulated by the data. Generally, it is on–off keying (OOK)
modulated.

The second line presents the quench signal, the period of
which is smaller than the period of the data. This system
behaves like a sampled system in that the data are sampled
by the quench signal.

The third line presents the shape of the oscillations at the
output of the oscillator. Start-up delay of the oscillator changes

Fig. 3. Main signals diagram.

with the amount of RF input signal.
The last line presents the demodulated output, which is

obtained by lowpass filtering the detected output signal of the
oscillator.

C. Modes of Operation

Super-regenerative receivers have two possible modes of
operation. The logarithmic mode is characterized by a log-
arithmic relation between the amplitude of the RF input
signal and the amplitude of the demodulated output. In this
mode, the oscillator reaches its steady-state amplitude at
each quench cycle due to a low quench frequency and/or
a high start-up current. This mode is characterized by a
reduced dynamic range of the demodulated output due to the
logarithmic compression of the signal.

Linear mode is characterized by a linear relation between
the amplitude of the RF input signal and the amplitude of the
demodulated output. In this mode, the oscillator does not reach
its steady-state during the quench period, due to a high quench
frequency and/or a low start-up current.

Typical operation is usually made of a mixture of those
modes. This implies that it is difficult to find an exact
mathematical model. The transition from one mode to another
is due to a change in a parameter of the quench signal, like
amplitude, frequency, duty-cycle, or mean level.
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Fig. 4. Envelope of the oscillator.

Fig. 4 shows the envelope of the output of the oscillator for
the linear mode and the logarithmic mode.

Note that besides the super-regenerative mode of operation,
the same circuit could also work in the “regenerative” mode.
In this mode, the bias current of the receiver is smaller
than the current needed to cancel all the losses. The result
is a -enhanced selective amplifier. The value of the bias
current of the oscillator fixes the quality factor of the
amplifier. The detection gain of the regenerative mode is more
than 10 times higher than the super-regenerative gain. The
limitation of this mode of operation resides in the difficulty
to control its factor. The presented circuit has been used
in a pseudoregenerative mode, which is a mixture between
the super-regenerative and the regenerative mode, exhibiting

values up to 10 000.
FM discrimination can be achieved by centering the edge

of the selectivity curve at the desired frequency. However,
this method suffers from many drawbacks: the maximum
sensitivity frequency is not the desired frequency and the de-
modulation gain is very weak due to the slope of the selectivity
curve of the super-regenerative receiver. The drawbacks of the
FM discrimination explain why it has been decided to use a
100% AM (OOK) modulation.

III. T HEORY OF SUPER-REGENERATION

The principle of super-regeneration is summarized in Fig. 5.
A negative conductance is varied periodically in
parallel with a resonant circuit. The losses of theLC resonator
are simulated by a positive conductance . This simple
model is only valid for frequencies near the resonant frequency

. The equivalent conductance , in parallel with the
inductance and the capacitor, is equal to the sum of the
negative (active) and positive (passive) conductances

(1)

for stability (2)

It must be noticed that the following theory is only valid in
linear mode. The transient behavior of the circuit can therefore
be described by

with

(3)

Fig. 5. Super-regeneration principle.

The current source represents the RF input signal. It is
given by .

If is supposed positive and constant, the differential
equation (3), which describes mathematically the behavior of
the circuit, has a stable solution. This means that the free
oscillation is damped with a time constant equal to

and the circuit works like a filter (forced oscillation
is dominant). When is negative, it behaves like an oscillator
(free oscillation is dominant) with the growing time constant
equal in absolute value to the one of the filter.

In a super-regenerative receiver,varies periodically below
and above zero at a frequency. The mean value must be
greater than zero for stable operation. Equation (3) is a typical
case of a time-varying differential equation, which provides a
solution in the form of [2]–[4]

(4)

Thus

if (5)

This expression is too general to be solved analytically. The
resolution must be divided into two cases: theslopeandstep
controlled modes. The first one makes the assumption that the
variation of the conductance is slow when

, and in the second one, it is supposed that
this variation is very steep. Two particular solutions to this
problem have been found by Macfarlane and Whitehead [3].

It is interesting to find the solution for typical quench
signal like the sawtooth, triangular, sinusoidal and square wave
forms. To reduce and to normalize the equation, it is necessary
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TABLE I

to introduce the following notation:

and

resonant frequency central frequency of recep-
tion;

RF input signal frequency;

gap between the RF input and the
resonant frequencies;

with quench wave frequency;

quality factor of the resonant circuit;

quality factor due to the regenera-
tive effect;

mean damping frequency (see Tables I
and II);

difference between the mean and the
minimum damping frequency factor (see Tables I
and II);

area under the negative portion of the damping
frequency time curve;

area above the positive portion of the damping
frequency time curve.

With these notations, it is possible to calculate the band-
width (BW) in Hz and the super-regenerative gain

between the voltage output of the filter and the
input RF voltage. The results are summarized in Table I.

With the circuit of Fig. 6, the main variables become

It must be noticed that all the equations given in Tables I
and II are obtained with the assumption that the free oscillation
contribution to the gain is greater than the forced one. It im-
plies that the ratio between the quench current amplitude
and the critical current minus the bias current is about greater
than one. The quench frequency must also not be too high to
let time to the free oscillation to start ( ratio limited).

This analysis shows the importance of the quench signal.
The selectivity and the sensitivity are directly controlled by
the quench parameters. The critical parameters of the quench
signal are its shape, its frequency, its amplitude, and its mean
value. The most important parameter is the slope of the quench
current during the crossing of the critical current value, this
slope has to be small in order to improve the selectivity.

Selectivity is related to the quench frequency with a relation
of the form of (except in the case of the square wave
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TABLE II

quench for which the selectivity is independent of). For this
reason, the quench frequency has to be minimized. However,
due to the Nyquist criterion, this frequency has to be at least
twice the maximum data frequency. The relation between the
selectivity and the quench peak value has the form of

(except in the case of the square-wave quench: see
Tables I and II for more details).

Sensitivity of the receiver is proportional to the gain of
the circuit, called the “super-regenerative gain.” This gain is
defined as the ratio between the average voltage at the output
of the envelope detector and the RF input voltage injected in
the parallel resonant circuit. It is proportional to the area of
the quench current above the critical point (A-). Thus the gain
is greater for the square wave quench than for the slope-type
quench. A compromise has to be found between the selectivity
and the sensitivity: a high sensitivity implies a high A- area,
while a high selectivity needs a low A- area.

The main problem with super-regenerative receivers is their
selectivity limitation due to the sampled mode of operation. In
a classical superheterodyne receiver, it is possible to demodu-
late two adjacent signals separated by a bandwidth twice the
binary data-rate in OOK. In the case of the super-regenerative
receiver, this is not possible because the minimum value of
the quench frequency is equal to two times the data frequency
(Nyquist criterion), more in practice, and it is not possible to
decrease the bandwidth below two times the quench frequency.
Thus, in practice, the bandwidth will be 20 times the binary
data rate.

The only way to overcome this limitation is to make use of
regeneration instead of super-regeneration. The major problem
of this mode is the tight control of the of the receiver. The

Fig. 6. Oscillator schematic.

being fixed by the gap between the critical current and the
bias current of the “regenerator.”

IV. DESIGN AND OPTIMIZATION OF THE RECEIVER

A. Oscillator

The oscillator of the super-regenerative receiver is based
on the schematic of Fig. 6. The differential pair, with cross-
coupled bases, generates a negative resistance connected to
an LC resonator. The value of the real part of the impedance
presented to the resonator is given by

being the transconductance of each bipolar transistors of
Fig. 6.

This structure has the following two modes of operation:

oscillator if

filter if

xujian
高亮
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Fig. 7. Relation between current and amplitude in the oscillator.

Its current consumption is inversely proportional to the
unloaded of the resonator. The differential structure of the
oscillator ensures a high common mode rejection ratio. The
bias current of the oscillator is provided by two sources. The
first one, , gives the DC operating point and the second
one, , represents the AC quench current.

The differential pair of bipolar transistors is a nonlinear
element. Amplitude limitation depends on those nonlinearities.
The distortion increases with amplitude, thereby reducing the

. Amplitude stabilization occurs when . The
critical current of such an oscillator is defined as the current
for which for an output amplitude equal to zero.

B. Operating Point Control

The optimization of the selectivity of the receiver is based
on the control of the operating current of the oscillator. The
gap between its start-up current and its critical current has
to be minimized. The position of this operating point can be
controlled through the measurement of the output level of the
oscillator. The solid line in Fig. 7 shows the relation between
this gap and the saturation amplitude of the oscillator. The
chip presented in this paper will use an amplitude locked loop
to control the operating point.

The dashed line of Fig. 7 shows the variation of the se-
lectivity of the receiver as a function of the ratio between
the critical and the peak quench current. High selectivities are
obtained for small gaps and thus for small output amplitude
of the oscillator. One limit of super-regenerative receivers is
shown here: very high selectivity implies undetectable output
level of the oscillator. The presented design makes use of
a of 1%, with an amplitude of 10 mV. The
parameter is equal to .

C. Capacitive Voltage Boosting

Amplitude detection of a 10 mV signal at 1 GHz is
unrealistic without amplification. Amplifiers realized in this
0.8 m BiCMOS technology exhibit a gain-bandwidth product
smaller than 1 GHz. The accuracy of the voltage gain of the
amplifier is then insufficient for a tight control of the operating
point. However, it is possible to overcome this problem by
extending the dynamic range of the oscillator.

To simplify the analysis of the oscillator, the base current
and the collector-base capacitance will be neglected. The

Fig. 8. Linearized oscillator.

schematic diagram of Fig. 8 shows the principle of the voltage
boosting. The output amplitude, for a given gap between the
critical and the start-up current, will be increased by. In
this case, the “voltage gain” of the structure is given by a
capacitor ratio and is well controlled. It is expressed by

(6)

with

The current consumption of this structure is boosted by a
factor . The real part of the impedance presented by the
differential pair to the inductors, is given by the following:

(7)

The control of the center frequency of the receiver is
achieved through the control of the frequency of the oscillator.
There is a gap between the frequency of reception and the
frequency of the saturated oscillator. For a small level of
quench current, this gap is smaller than the selectivity of the
receiver.

Frequency control can be achieved by using any kind of
resonator. A dielectric coaxial resonator improves the current
consumption by a factor ten and insures the temperature
stability of the receiver.

Phase-locked loop (PLL) control of the receiver is the best
solution for high level of integration and for multichannel use.
The oscillator of the super-regenerative receiver represents
the voltage-controlled oscillator (VCO) of the PLL. However
this VCO will be periodically turned on and off by the
quench signal. For this reason, a sampled PLL has to be used.
This original circuit has been evaluated and is currently in
integration.

D. Block Diagram

Fig. 9 shows the architecture of the receiver. The block at
the top of the diagram is the receiver itself. It is based on an
oscillator, an envelope detector, and a lowpass filter (LPF).

The operating point control circuitry is shown at the bottom
right of the diagram. The level of the oscillator output is
sampled periodically and compared to a reference voltage. The
result of the comparison conditions the operation of a charge
pump circuit, injecting or taking off charge from an integrator
depending on the amplitude of the oscillation. The output of
the integrator drives a current source which controls the bias
current of the oscillator.
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Fig. 9. Block diagram.

Fig. 10. Timing diagram.

The last block of the circuit diagram shows the quench
control circuit. It is a simple sawtooth generator.

The timing diagram of Fig. 10 presents the principle signals
used in the receiver. is the quench current, the output
of the oscillator, and the clock applied to the sampling
circuit. The pulses of are placed at the end of the quench
period in order to guarantee the saturation of the oscillator. The
initial state of the bias current value has been fixed to 1 mA
in order to guarantee a start-up time shorter than the quench
period.

V. DETAILED SCHEMATICS

A. Input Amplifier and Oscillator

The input amplifier and the oscillator use the same load
(terminals and ) as shown in the schematic in Fig. 11.
The input amplifier is based on a cascode structure to optimize
its reverse isolation. It provides 39 dB of isolation between
the oscillator and the antenna terminal at 1 GHz. Its input
admittance has been simulated as

mhOs

The equivalent circuit for the input is a 1.7 kresistor in
parallel with a 30 fF capacitor at 916 MHz. The measured input
impedance is . This value is due to the impedance
transformation by the printed circuit board and the package
of the circuit. Qualification of the receiver has been achieved
with an input matching network.

Noise figure and power gain concept cannot be used in this
circuit because of the nonlinear load of the amplifier. This
load can be represented by a resonator, where is the

Fig. 11. Input amplifier and osillator.

Fig. 12. Envelope detector.

combination of the losses of theLC and the negative resistance
provided by the differential cross-coupled pair (– ). The
value of this negative resistance is continuously modified by
the quench signal.

The amplifier is biased by a 100-A current to satisfy to
a compromise between the sensitivity of the receiver and the
low-power operation.

Low-voltage operation is improved by the base-biasing of
the amplifier and the oscillator. Biasing is based on a current
mirror between – – and – – . An emitter
follower formed by – and biased by – improves
the isolation between the oscillator and the envelope detector.

and have a double-base structure for a noise-
performance improvement. An emitter size of ten optimizes
the current consumption. The optimal size of those transistors
has been obtained by harmonic-balance simulations.

B. Envelope Detector

The schematic of the envelope detector is given in Fig. 12.
The function of this circuit is to provide a voltage proportional
to the rectified envelope of the input RF signal. Functionality is
based on the exponential relation between the collector current
and the base-emitter voltage of and . This nonlinearity
creates an increase of the mean collector current ofand

when an alternative voltage is applied on the base of
and . A differential structure presents a symmetrical load
to the oscillator.

For a sinusoidal input signal, the mean value of the rise of
the collector current is equal to



FAVRE et al.: SUPER-REGENERATIVE RECEIVER FOR ISM 2193

Fig. 13. Current-control circuit.

where is the DC bias current of and and is the
alternative voltage applied to the bases of or .

The conversion of the current increase to a voltage increase
is achieved by the cross-coupled structure to and the
pair – . and are matched in size and current to

and .
The gain, or transresistance, of this structure is given by

(8)

with

and being the transconductance of and and

If , the circuit is unstable.
Simulations and measurements show smaller detection

gain than mathematically predicted. This is due to the high-
frequency behavior of the transistor and the high voltage
swing. This swing makes the effect of the channel length
modulation non-negligible, and it can turn off and put the
gate of in conduction.

Simulation and measurement give a detection gain of this
stage as high as ten for a bias current of 20A per transistor.
The base-biasing of the structure improves the low voltage
operation and the interstage isolation.

C. Current-Control Circuit

The current-control circuit is based on a charge-pump
operation [6]. Its schematic is shown in Fig. 13. The goal of
this circuit is to adjust the bias current of the oscillator. The
adjustment is achieved when its steady-state amplitude reaches
the desired value. This circuit is constituted by a sampled
comparator and by a charge-pump circuit. The comparison
time is determined by the clock signal. The result of the com-
parison conditions induces an injection (positive or negative)
of charges in an integration capacitor. The voltage across this
capacitor controls the bias current through .

The charge pump operation is the following. It will be
assumed that . When the clock signal changes from
zero to one, is turned off and the drain of falls to .

is turned on and node is therefore pulled down while
node remains close to . Node changes from to

. During the transition of node is turned off first

Fig. 14. Gm–C filter.

Fig. 15. Microphotography.

injecting a charge at node . Then is turned on,
injecting a charge in the nodes and that are now
short circuited. are the charges stored in the channel of
the MOS transistor. At this point, a total amount of is
injected in the virtual ground and integrated on the capacitor

. When the clock signal returns to zero, nodereturns to
. turns off first, injecting a charge in nodes

and , then turns on discharging node. Therefore the
total amount of charges injected in nodeat the end of the
operation is equal to . One can verify that when ,
a charge equal to is injected in node after one clock
pulse.

D. – LPF

The schematic diagram of the – LPF is given in Fig. 14
[7]. The filter has a third-order transfer function, based on a
Butterworth polynomial. Its cutoff frequency is fixed by the
bias current of the operational transconductance amplifiers.
The transconductance amplifier is based on transistorsand

. The circuit is biased by the current sources and .
The output common-mode voltage is stabilized by a regulation
loop consisting of and which operate in conduction
mode. Transistors and realize an active load.

and operate in weak inversion in order to improve
their ratio and thus the current consumption.
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Fig. 16. Adjacent channel rejection as a function of the quench waveform, at 1 GHz center frequency.

Fig. 17. Adjacent channel rejection as a function of the quench amplitude, at 1-GHz center frequency.
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TABLE III
SUMMARY OF THE MEASUREMENTS

VI. L AYOUT

The layout microphotography is shown in Fig. 15. The
super-regenerative receiver has been implemented in a 0.8-

m BiCMOS technology. The structure at the left of the
circuit is the input amplifier and the oscillator, with its emitter
followers. The tracks to the external resonator are 100m wide
in order to optimize the of the resonator, and thus the current
consumption. The central structure is the– LPF, and the
circuit at the right of the layout is the bias-control circuitry.
In this version, most of the pads are for test purposes. The
size of the circuit has not been optimized. However, the total
surface is smaller than 1 mm.

VII. M EASUREMENTS

A. Adjacent Channel Rejection Versus Quench Shape

Fig. 16 shows the curve of the adjacent channel rejection
in relation with the quench waveform. This curve has been
measured by applying a modulated RF signal to the receiver
at a frequency different from the central frequency and by
adjusting its level to get a 12 dB ratio at the demodulated
output.

This measurement shows that the selectivity is strongly
dependent on the quench waveform. The best performances are
achieved by the sawtooth quench, with a 100-kHz bandwidth
at 3 dB.

B. Adjacent Channel Rejection Versus Quench Amplitude

Fig. 17 shows the adjacent channel rejection as a function
of the relative gap between the critical and the start-up current

.
The impact of the gap level appears strongly on this figure.

The curve at 1% corresponds to the actual design parameter.
Values smaller than 1% are difficult to realize because of the
reduction of the output level of the oscillator.

C. Summary of the Measurement

Table III gives a summary of the performances of the
measured chip.

VIII. C ONCLUSION

This circuit shows a one order-of-magnitude improvement
in size and in power consumption compared to other ar-

chitectures. This improvement is due to a reduction of the
complexity of the receiver. The RF performance of this circuit
is sufficient for a low-range data link. The structure of the
receiver allows it to work close to the of the technology (in
this case at ). It is possible to improve super-regenerative
receivers by further optimization of the operating point and of
the quench signal waveform. Operation in regenerative mode
seems very promising due to the possibility of reaching much
higher selectivity. Low voltage operation, as small as 2 V in
this case, is easy to achieve due to the very simple structures
of the RF building blocks. Selectivity and sensitivity can be
improved by using this receiver in a regenerative mode. This
mode of operation seems really promising, due to its absence
of limitations in term of selectivity. However, the selectivity of
super-regenerative receivers make it incompatible with group
special mobile (GSM) or Digital European Cordless Telephone
(DECT) operations. Further optimization of this kind of circuit
could lead radio transmission to become competitive with
infrared transmissions.
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