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1. Introduction  
Since the superregenerative (SR) receiver was invented by E. H. Armstrong in 1922 
(Armstrong, 1922), it has been used in myriad applications. In the 1930s, it came into 
widespread use by radio amateurs as an economical communications receiver. Various 
walkie-talkie communications devices were developed based on SR receivers, exploiting their 
light weight and low cost. With the advent of World War II, the circuit was mass-produced 
as a pulse responder for radar identification of ships and aircraft (Identification, Friend or 
Foe (I.F.F.)) (Whitehead, 1950). As the transistor replaced the vacuum tube, the 
superheterodyne receiver, characterized by improved selectivity, relegated SR receivers to 
very specific applications, such as altitude and Doppler radar (Levanon et al., 1974; Milner & 
Shell, 1968), and solar-powered devices (McCoy, 1992). Superregenerative receivers have 
also harnessed for optical communications (España & Puerta, 1999). 
Currently, SR receivers are chiefly used in short-distance radiofrequency (RF) links, which 
demand low cost and low power consumption. These include remote control systems (e.g. 
garage-door openers, robotics, and radio-controlled toys), short distance telemetry, and 
wireless security (Hickman, 2002; Telecontrolli, 2011). These receivers are typically used as 
narrowband AM receivers and, occasionally, as FM receivers. Superregenerative receivers 
have recently garnered renewed attention for their integration into CMOS, which, when 
combined with modern digital techniques in mixed-signal designs, improves performance 
implementations (Favre et al., 1998; Chen et al., 2007). Thus, SR receivers are a promising 
alternative to other architectures in emerging applications such as wireless sensor networks 
and medical devices (Ayers et al., 2010, Bohorquez et al., 2009; Otis et al., 2005). Recent 
proposals for their use include: reception of spread spectrum, phase and frequency 
modulations (Ayers et al. 2010, Moncunill et al., 2005b; Palà et al., 2009); use of stable 
frequency references such as bulk-acoustic-wave (BAW) resonators (Otis et al., 2005); 
implementation of digital self-calibrating techniques (Chen et al., 2007); and, very recently, 
reception of ultra wideband impulse radio (UWB IR) modulations (Anis et al., 2008; 
Moncunill et al., 2007b; Moncunill et al., 2009; Pelissier et al., 2009; Thoppay, 2010). 
In this chapter, we analyze the suitability of SR receivers for UWB IR communications. In 
Section 2, we provide basic concepts on the principle of superregeneration. In Section 3, we 
present several SR architectures and assess their amenability to UWB IR signal detection. In 
Section 4, we characterize the superregenerative oscillator as a pulse filter and amplifier 
with characteristic parameters and functions. In Section 5, we outline the features that 
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superregenerative oscillators require for use as a UWB IR receiver. In Section 6, we assess 
the expected performance from these types of receivers, and finally, in Section 7, we present 
the main conclusions from this chapter. 

2. The principle of superregeneration 
The block diagram of a typical SR receiver is shown in Fig. 1 (a). The input and output 
variables of each block are represented by voltages, although depending on the particular 
circuit, some of these variables may be physical currents. The core of the receiver is a 
superregenerative oscillator (SRO), an RF oscillator that can be modeled as a frequency 
selective network or resonant circuit fed back through a variable-gain amplifier (Moncunill et 
al., 2005a). The gain of the amplifier is controlled by a low-frequency quench generator or 
quench oscillator, which causes the circuit to become alternatively unstable and stable, with 
the RF oscillations rising and falling repeatedly. As shown in Fig. 1 (b), the signal generated in 
the SRO (vo) comprises a series of RF pulses separated by the quench period Tq , in which the 
periodic build-up of the oscillations is controlled by the input signal (v). In the linear mode of 
operation, the oscillations are damped before reaching their limiting equilibrium amplitude, 
and their peak amplitude is proportional to that of the injected signal. In the logarithmic mode, 
the amplitude of the oscillations is allowed to reach its limiting equilibrium value, which is 
determined by the non-linearity of the active devices. In this mode, the amplitude of the RF 
pulses remains constant, but the incremental area under the envelope is proportional to the 
logarithm of the amplitude of the input signal. The data carried by the input signal, usually an 
on-off keying (OOK) amplitude modulation, can be retrieved by detecting the amplitude or 
the width of the envelope of the RF pulses, depending on the operation mode. The low-noise 
amplifier (LNA) improves signal reception and minimizes SRO re-radiation through the 
antenna. Fig. 2 shows the characteristic signals in a classical SR receiver operating in the linear 
mode, in which the modulating signal is retrieved by simply averaging the envelope of the RF 
pulses provided by the envelope detector, thus removing the quench components and 
preserving those of the modulating signal. 
An important issue regarding operation of SR receivers is that they become sensitive to the 
input signal for relatively short periods of time, called sensitivity periods. These periods occur 
when the output oscillation begins to rise (t = 0 in Fig. 1 (b)). The RF reception bandwidth of 
the receiver is inversely proportional to the duration of the sensitivity periods. 
The primary advantages provided by SR receivers are: 
• Simplicity: tuning capability and high gain can be obtained from very few active 

devices. At RF frequencies, a reduction in the number of RF stages usually implies a 
reduction in power consumption, and also a small integration area, which reduces cost. 
Thus, SR receivers are in a privileged position compared to other architectures, which 
tend to be more complicated. 

• Low power consumption. This stems from both the small number of active stages and 
the pulsating nature of the receivers (i.e. they operate with low duty cycles). 
Additionally, they tolerate low supply voltages (Chen et al., 2007; Otis et al., 2005), and 
therefore are excellent candidates for battery-operated systems. 

• In the logarithmic mode, the receivers exhibit low-level variations of the demodulated 
output for large variations in the incoming signal level, which constitutes a built-in 
automatic gain control mechanism. 

• They offer both AM and FM (although limited) demodulation. 
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• Lastly, and paramount to this chapter, SR receivers are very well suited to UWB IR 
communications, due to the low duty cycle of the received signals. 

Traditionally, SR receivers have had three major drawbacks: 
• Excessive reception bandwidth when applied to narrowband communications. Because 

of their relatively short sensitivity periods, their RF bandwidth is much wider than the 
signal modulation bandwidth, making them more sensitive to noise and interference 
compared to other systems. 

• Frequency instability in tank (LC) implementations due to temperature changes, 
mechanical shock, etc. This problem, which is not exclusive of SR receivers, can be 
overcome via stable frequency references, such as coaxial ceramic resonators or acoustic 
wave devices (e.g., SAW, BAW and FBAR). 

• Re-radiation: part of the RF energy generated in SR oscillators tends to be radiated by 
the receiver antenna, becoming a source of interference. However, this effect can be 
minimized through a well-designed low-noise isolation amplifier. 
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Fig. 1. (a) Block diagram of an SR receiver; and (b) input signal, instantaneous damping factor 
generated by the quench oscillator, and output voltage in the linear mode of operation. 
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Fig. 2. Characteristic signals in a classical SR receiver operating in the linear mode. 
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3. Superregenerative architectures for narrowband, wideband and UWB 
signal reception 
Although SR receivers have traditionally been used in short-range narrowband 
communications, new modes for their operation have been proposed and evaluated over the 
past few years. In this section, we describe and compare these operation modes and their 
corresponding receiver architectures to evaluate their suitability for UWB IR signal 
reception. Here we consider the simplest case of OOK modulation. 

3.1 Classical superregenerative receiver 
Fig. 3 shows the block diagram of a classical SR receiver. In this architecture, the quench 
oscillator runs asynchronously with respect to the received data. The quench frequency is 
considerably higher than the data rate, such that several quench cycles are generated during 
reception of a bit. Each quench cycle provides a sample of the input bit pulse. Several 
samples are envelope-detected and averaged by a lowpass filter, and the bit value is 
retrieved by a comparator. In practice, five to ten samples are typically required to retrieve a 
single bit. 
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Fig. 3. (a) Block diagram of a classical SR receiver, and (b) corresponding time and frequency 
domain signals. 



 
Ultra Wideband Impulse Radio Superregenerative Reception 

 

117 

This architecture, characterized by a minimal number of constituting blocks, offers the 
following advantages: 
• Simplicity and low cost; 
• Low power consumption. 
However, it has several disadvantages: 
• Poor frequency selectivity: since the quench frequency is considerably higher than the 

bit frequency, the sensitivity periods are much shorter than the bit periods (Tb); 
consequently, the RF bandwidth of the receiver is much larger than the modulation 
bandwidth.  

• Poor sensitivity: the noise bandwidth is much greater than the signal bandwidth. 
• Not suitable for UWB IR communications: taking several samples of a UWB pulse is not 

feasible, as it would require an excessively high quench frequency. 

3.2 Synchronous superregenerative receiver 
In this architecture, shown in Fig. 4, the input signal is sampled synchronously at a rate of 
one sample per bit (Moncunill et al., 2007a). Thus, the required quench frequency is much 
lower than in a classical receiver, and therefore, the selectivity is significantly higher. 
Furthermore, since the quench frequency is equal to the bit rate, the RF bandwidth is 
closer to the signal bandwidth than in a classical receiver. Moreover, synchronous 
operation enables optimization of the transmitted bit pulse shape, as shown in Fig. 4 (c), 
which is done to concentrate the bit energy in the sensitivity periods of the receiver. 
Consequently, synchronous SR receivers can make more efficient use of the incoming 
signal than classical SR receivers, exhibiting greater sensitivity and requiring lower levels 
of transmitted power. 
Synchronous operation requires a synchronization phase-locked loop (PLL) that controls the 
quench voltage-controlled oscillator (VCO) to keep the quench cycles in phase with the 
received data. A proper error signal can be generated via early/late sampling of the 
received pulses, as shown in Fig. 5. In this case, the lowpass filter used by classical receivers 
to remove the quench components is not required, since each output pulse corresponds to a 
single bit. 
On one hand, synchronous SR receivers are amenable to narrowband communications, 
namely, to overcome the problems of classical receivers. On the other hand, provided that 
the SRO is designed to exhibit short sensitivity periods, this architecture is also very well 
suited for reception of UWB IR signals, as they comprise bursts of short RF pulses. This 
architecture offers the following advantages: 
• Simplicity and low cost; 
• Low power consumption; 
• High frequency selectivity, with RF bandwidth close or equal to the signal bandwidth. 
• High sensitivity: up to 10 dB better than that of a classical receiver, with values similar 

to those offered by superheterodyne and zero-IF schemes. 
• Fast data rates: for a given quench frequency, this architecture maximizes the data rate. 
• Suitability for UWB IR communications, including OOK and pulse-position modulations.  
It has one major disadvantage:  
• It requires a PLL, which must be carefully designed to achieve effective acquisition and 

tracking of the received signal. This point is especially relevant in UWB IR applications, 
which demand high-precision synchronization. 
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Fig. 4. (a) Block diagram of a synchronous SR receiver. Time and frequency domain signals 
(b) with a constant bit envelope and (c) with an envelope matched to the sensitivity periods 
of the receiver.  
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Fig. 5. Early and late sampling of the input pulse, achieved by periodically alternating 
between an advanced quench and a delayed quench (in this example the input pulse has a 
Gaussian envelope).  

3.3 Direct-sequence spread-spectrum superregenerative receiver 
This architecture, shown in Fig. 6, is basically a modified version of the synchronous 
architecture (Moncunill et al., 2005b, 2005c). The input signal is a direct-sequence spread-
spectrum (DSSS) OOK modulation, in which a burst of chip pulses is transmitted for each bit 
according to a known pseudonoise (PN) spreading sequence. This enables lower levels of 
energy per transmitted pulse, and therefore, leads to minimal interference caused to other 
systems. The received signal is synchronously sampled by the receiver at a rate of one sample 
per chip period (Tc ). The receiver includes a PN-code generator clocked by the quench VCO, a 
PN-code multiplier, and an integrate-and-dump filter with sample and hold (ISH). These 
blocks correlate the received signal to the locally-generated PN code, thereby enabling both 
retrieval of the desired data and rejection of noise and interference. Synchronous operation 
requires a synchronization loop that controls the quench VCO in order to keep the quench 
cycles in phase with the received data. Early and late sampling of the input chip pulses, similar 
to that shown in Fig. 5 can be used. Due to the synchronous operation, the signal bandwidth 
and the receiver RF bandwidth are similar. Also, in this case, the chip pulses can be optimally 
shaped in order to increase the sensitivity of the receiver.  
In addition to having the main advantages of the synchronous SR receiver, the DSSS SR 
architecture also offers the following benefits:  
• The specific features of spread-spectrum communications, including better data privacy 

(owing to the PN-coded signal), stronger interference rejection, less interference caused 
to other systems, and code-division multiple-access (CDMA) capability. 

• Suitability for UWB IR communications (DSSS techniques and UWB IR communications 
are compatible). 

Among the main inconveniences of the DSSS SR receiver are: 
• Greater complexity than narrowband or synchronous architectures, as it requires PN-

code generation and correlation of this code to the received signal. 
• A PLL is required to maintain receiver synchronization. Additionally, PN-code 

acquisition and tracking techniques must be implemented.  
The SR architectures described above are compared in Table 1. 
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Fig. 6. (a) Block diagram of a DSSS SR receiver, and (b) corresponding time and frequency 
domain signals. 

 
Feature Classical Synchronous DSSS 

Architecture simplicity High High Medium 
Power consumption in the 
RF stages Low Very low Low 

Frequency selectivity Low Medium Low 
Signal sensitivity Low High High 
Available data rates Low High Medium 
Interference rejection, 
coexistence ability Low Medium Medium-high 

Suitable for UWB IR 
communications No Yes Yes 

Table 1. Comparison of the three SR architectures. 
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4. The superregenerative oscillator as a pulse filter and amplifier  
4.1 Model of an SRO 
An SRO can be modeled as a selective network or resonant circuit fed back through an 
amplifier (Fig. 1 (a)) (Moncunill et al., 2005a). The amplifier has a variable gain Ka(t) 
controlled by the quench signal, which has a frequency fq = 1/Tq , making the system 
alternatively stable and unstable. The selective network has two dominant poles  
that provide a bandpass response centered on ω0 = 2πf0 , characterized by the transfer 
function 

 0 0
0 2 2

0 0 0

2( )
2

sG s K
s s

ζ ω
ζ ω ω

=
+ +

, (1) 

or, equivalently, by the differential equation 

 2
0 0 0 0 0 0( ) 2 ( ) ( ) 2 ( )o o o sv t v t v t K v tζ ω ω ζ ω+ + = , (2) 

where ζ0 is the quiescent damping factor and K0 is the maximum amplification.  
The corresponding quiescent quality factor represents the loaded Q of the resonant circuit  

 0
0

1
2

Q
ζ

= . (3) 

The feedback loop establishes the relationship vs(t) = v(t) + Ka(t)vo(t), which, assuming that 
Ka(t) is a slow-variation function, enables formulation of the general form of the differential 
equation for the SR receiver (Moncunill et al., 2005a),  

 2
0 0 0 0 0( ) 2 ( ) ( ) ( ) 2 ( )o o ov t t v t v t K v tζ ω ω ζ ω+ + = , (4) 

 

where ζ(t) is the instantaneous damping factor (or damping function) of the closed-loop 
system, Eq. 5 must have a single dot at the end instead of two. 

 0 0( ) (1 ( ))at K K tζ ζ= − .. (5) 
 

This function is very important, as it controls the overall performance of the receiver. By 
identifying the coefficients in the corresponding differential equations, one can obtain the 
equivalence between the parameters of the block diagram in Fig. 1 and those of a 
particular circuit. For example, Fig. 7 shows the equivalence for a parallel RLC circuit, a 
commonly used topology. In this case, the net conductance of the circuit is 

 0( ) ( )aG t G G t= − , (6) 
 

and the resulting damping function becomes 

 0
0 0

( ) 1( ) ( ( ))
2 2 a
G tt G G t
C C

ζ
ω ω

= = − . (7) 
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Fig. 7. (a) Parallel RLC circuit with variable conductance, and (b) equivalence between the 
block diagram of an SRO and the RLC circuit parameters. G0 includes both source resistance 
and tank losses. 

4.2 The quench cycle and the damping function 
The quench oscillator generates a periodic damping function, ζ(t) (Fig. 8), which comprises 
successive quench cycles. A new quench cycle starts when the damping function becomes 
positive (t = ta), which extinguishes any oscillation present in the oscillator. When ζ(t) 
returns to negative (t = 0), the oscillation builds up from the injected signal v(t), and when 
ζ(t) becomes positive again (t = tb), it achieves its maximum amplitude. Mathematical 
analysis and experimental results have revealed that the receiver is especially sensitive to 
the input signal in a given environment at the instant t = 0. 
The behavior of the receiver is mainly determined by the characteristics of the damping 
function (i.e. its shape, repetition frequency, and mean value). Since ζ(t) gives global 
information on the system performance, it is a better descriptor than is the feedback gain, 
Ka(t). In practice, Ka(t) is adjusted to obtain the desired ζ(t). In the case of a non-inverting 
feedback amplifier, the minimum value of Ka(t) is zero, and, consequently, the maximum 
value of ζ(t) is limited by ζ0. 

4.3 SRO response to a narrow RF pulse 
The operation of SROs can be described from their response to an RF pulse applied within 
the limits of a single quench cycle (i.e., the interval (ta, tb); see Fig. 8 (b)).  The input RF pulse 
can be expressed as 

 ( ) ( )cos( )cv t Vp t tω ϕ= + , (8) 

where pc(t) is the normalized pulse envelope, and V, its peak amplitude. pc(t) is assumed to 
be zero beyond the cycle limits defined by ta and tb . Although in some practical cases (e.g.  
classical receivers operating with narrowband modulation) pc(t) can be assumed to be 
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constant and to represent a fraction of the input signal, in others (e.g. a UWB IR receiver), it 
may be a narrow pulse of relatively slow variation. The response of the SRO to the 
aforementioned input RF pulse is another RF pulse, described by 

 0( ) ( ) ( )cos( ( ))ov t VK H p t t H= ω ω + ϕ + ∠ ω , (9) 

where K is a peak amplification factor, H(ω) is a bandpass function centered on the 
resonance frequency ω0, and p(t) is the unity-normalized envelope of the output oscillation. 
The expressions for the characteristic parameters and functions, and the restrictions for their 
validity, are summarized in Table 2 and defined below.  
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Fig. 8. (a) Input signal, quench voltage and output signal in an SRO; (b) characteristic 
functions of an SRO. 
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Table 2. Summary of the characteristic parameters and functions of SROs (when operating in 
linear mode). The operator F* in the frequency response calculation refers to a conjugate 
Fourier transform. 



 
Ultra Wideband Impulse Radio Superregenerative Reception 

 

125 

4.4 Characteristic parameters of SROs 
The parameters and functions shown in Table 2 are defined below:  
• Feedforward gain, (K0): is the gain that is provided by the selective network at the 

resonance frequency, which equals the receiver gain when the feedback amplifier is 
inactive (open-loop situation). 

• Sensitivity function (s(t)): a normalized function that describes the sampling process 
performed by the SRO. Its maximum value is one. Because this function is 
exponentially time-dependent, its value becomes quite small relatively close to the 
origin (t = 0). The shape of s(t) is determined mainly by the environment of the zero-
crossing of ζ(t). A slow transition provides a wide curve, whereas a fast one yields a 
narrow curve. Both the regenerative gain and the frequency response depend on the 
product pc(t)s(t). Thus, the sensitivity curve acts as a function that weighs the incoming 
envelope pc(t): the values of pc(t) near t = 0 are considered, whereas those close to either 
ta or tb are irrelevant. Therefore, t = 0 represents the instant of maximum sensitivity. 

• Regenerative gain (Kr): this gain depends on the product pc(t)s(t). If either pc(t) or s(t) is 
narrow, then Kr will be small; however, if both pc(t) and s(t) are wide, then Kr will be large. 

• Superregenerative gain (Ks): this gain, associated with the exponential growth of the 
oscillation, is usually the most significant amplification factor. It is determined by the 
area enclosed by the negative portion of the damping function (Fig. 8 (b)). 

• Frequency response (H(ω)): a bandpass function centered on ω0 that is related to the 
complex conjugate of the Fourier transform of pc(t)s(t). If both pc(t) and s(t) are wide, 
then the reception bandwidth of the receiver will be small; however, if either pc(t) or s(t) 
is narrow, then this bandwidth will be large. 

• Normalized oscillation envelope (p(t)): determined mainly by the evolution of the 
damping function close to t = tb . The same conclusions obtained for s(t) apply to p(t) in 
the environment of tb . 

4.5 Noise performance 
Expressions for calculating the noise performance of an SRO can be obtained from those in 
Table 2 (Moncunill et al., 2005a). The signal-to-noise ratio (SNR) at the SRO output can be 
expressed as 

 

2

2 2

( ) ( )

( ) ( )

b

a

b b

a a

t
ctc

o t t
ct t

p s dESNR
p d s d

τ τ τ

η τ τ τ τ
= , (10) 

where Ec is the average input-pulse energy, and η is the one-sided noise power spectral 
density at the input. To maximize the SNR at the SRO output, one can use Schwarz�’s 
inequality, which states that the maximum value of (10) is achieved when pc(t) and s(t) are 
proportional. In this case, since both functions are unity-normalized, proportionality implies 
equality, 

 ( ) ( )cp t s t= . (11) 
Thus, the optimum SNR is 

 ,
c

o opt
ESNR
η

= , (12) 
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which is that of a matched filter. This result is highly important, because the condition of a 
matched filter can be achieved in UWB IR SR receivers, but not in narrowband SR receivers. 
The optimum pulse envelope typically equals a Gaussian curve. 

4.6 Hangover 
Under normal receiver operation, the output oscillation in a given quench cycle is generated 
mainly from the incoming signal, and not from the remnant of the previous cycle. This implies 
that sufficient damping must be applied at the beginning of the cycle to extinguish said 
remnant; otherwise, the output pulse would extend beyond a single quench cycle to overlap 
with other pulses. In this case, the output in a given cycle significantly depends on that of the 
preceding cycles, and the receiver is said to operate with appreciable hangover (Moncunill et al., 
2005a). This effect is generally undesirable, as it produces a sort of intersymbol interference. 
For the receiver to operate with negligible hangover, the mean value of the damping function 
ζdc must satisfy the following condition (Moncunill et al., 2005a): 

 
0

1ln
2

q
dc

f
f h

ζ >
π

, (13) 

where h is the hangover coefficient, for which a value much smaller than one (e.g. 0.01) 
should be assigned. Eq. (13) becomes more restrictive at high quench frequencies. 

5. Ultra wideband impulse radio superregenerative reception 
According to the currently prevailing definition, a signal can be classified as UWB if the 
signal bandwidth exceeds either 20% of the center frequency or 500 MHz (Opperman et al., 
2004). Impulse radio is a type of UWB signaling in which baseband pulses of extremely 
short duration (typically, 0.1 to 1.5 ns) are transmitted. The pulsating nature of SR receivers, 
and the fact that they are sensitive to the input signal in a small fraction of the quench 
period�—and therefore, exhibit large reception bandwidths�—makes them ideal for UWB IR 
signal reception. Furthermore, Gaussian pulses are not only optimum signals for SR 
receivers operated in the slope-controlled state (Moncunill et al., 2007a), but they, and their 
derivatives (e.g. Gaussian monopulse; first derivative of Gaussian; Mexican hat, second 
derivative of Gaussian; and Gaussian doublet) are among the most widely used signals for 
UWB IR (Ghavami et al., 2004; Opperman et al., 2004).  
Superregenerative oscillators targeting the FCC/ECC UWB spectrum mask must oscillate at 
a frequency higher than that of SROs operating at lower frequency bands (e.g. 2.4-GHz ISM 
band), and consequently, will inherently exhibit larger reception bandwidths. However, to 
efficiently filter and amplify UWB IR pulses, additional requirements must be met. In this 
section, we present these requirements, considering the restrictions on the resonator Q and 
on the quench parameters.  
Fig. 9 shows a preferred damping function for UWB IR SR receivers. Due to the low duty 
cycle of UWB IR signals, the quench must be active during a small portion of the pulse 
repetition period. Therefore, the damping must remain at the quiescent positive value ζ+ 
most of the time, and only switch to the negative value during reception and amplification 
of the short pulse. The transition between these two states is assumed to be linear and is 
characterized by the fall time (tf) and the rise time (tr). This type of quench waveform 
belongs to the category in which an SRO is said to operate in the slope-controlled state, 
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because the characteristics of the SRO (e.g. sensitivity function and frequency response) are 
determined by the slope of the quench transition around t = 0. 
 

0 tb

t

t 

ζ tf tr

tw

 s(t)  p(t)

ζ+

-ζ−
ta

1

 
Fig. 9. Trapezoidal quench waveform, s(t) and p(t) for a UWB IR SRO. 

Table 3 summarizes the main parameters and functions in the slope-controlled state. For the 
sake of simplicity and symmetry, we have assumed that ζ+ = ζ− = ζ0 and that tf = tr . The 
table also includes the information on the step-controlled state, characterized by an abrupt 
damping transition at t = 0. The step-controlled state can be understood as a particular case 
of the damping shown in Fig. 9 in which tf = tr = 0. In practice, generating transition times 
that are negligible compared with the duration of the UWB IR pulses is not trivial, and 
therefore, the step-controlled state is only of minor interest. 
In the slope-controlled state, under the circumstances assumed above, and when truncation 
effects due to the finite quench period length are ignored, the sensitivity function can be 
approximated by the Gaussian expression 
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For simplicity, we have defined the function width at 60.7% of the maximum  
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which is a measure of the time resolution of the SRO. For the fixed oscillation frequency ω0, 
tw is controlled by the ratio between the fall time and the quiescent damping, tf  / ζ0 . The fall 
time must satisfy the following condition (Moncunill et al., 2009) 

 4 2f s wt t> σ = ,  (16) 

to avoid significant distortion of the Gaussian shape due to saturation of the damping 
function outside of the transition period. Considering (15), condition (16) can be rewritten as  

 0
0

8
ft ζ

ω
> , (17) 
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which shows a tradeoff between tf and ζ0 to obtain a near-Gaussian sensitivity function. The 
frequency response of the receiver to a continuous wave (CW) can be obtained from the 
Fourier transform of s(t), according to Table 2, using pc(t) = 1. The resulting function also 
includes a Gaussian term, 
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and the -3-dB bandwidth, assuming that the value of the quotient f/f0 is close to 1 within the 
pass band, can be approximated by 

 0 0
3

2 ln 212 ln 2dB f
f

f
t

ζ ωσ
π−∆ ≈ = . (19) 

For a matched input-pulse envelope, the bandwidth in (19) must be increased by a factor 
of 2 . Note that s(t) provides information on the SRO sensitivity as well as on the optimum 
envelope of the received pulse. H(2πf) provides the frequency response of the receiver and is 
related to the spectrum of the optimum received pulse. As expected, the product of tw and 
∆f-3dB is constant (i.e. the RF reception bandwidth and the temporal duration of the 
sensitivity are inversely proportional), as shown below 

 3dB
2 ln 2 0.53wt f

π−∆ = ≈  . (20) 

To meet the requirements for reception of very short pulses, a narrow sensitivity function is 
necessary. From the above results, one can conclude that a sensitivity function can be 
narrowed by: 
a. Increasing the oscillation frequency ω0; 
b. Increasing the quiescent damping (ζ0) (i.e. reducing Q0), which entails a wider dynamic 

range for the damping function. 
c. Reducing the fall time of the damping function (tf). 
Table 4 shows the calculated widths of the sensitivity function at the frequency f0 = 7 GHz, 
considering different values of Q0 and tf , and provides the corresponding -3-dB reception 
bandwidths. As a reference, Q0 = 5 with tf = 2 ns yields a 1-ns time resolution with a 
bandwidth that exceeds 500 MHz. Similar results are obtained with higher transition times, 
provided that the Q is decreased accordingly; for larger values of Q0, tf must be decreased, 
although in this case, the Gaussian functions become distorted. By combining very low Q0 
values with short transition times, the pulse width can be decreased to less than 500 ps and 
the bandwidth can be made greater than 1 GHz. In conclusion, for SROs to operate correctly 
with UWB IR signals, they must be designed with a Q of less of 10, and must be controlled 
by quench signals that switch quickly, with transition times shorter than 5 ns. Unlike in 
narrowband SR receivers, the sensitivity function width and the reception bandwidth of a 
UWB IR SR receiver are determined by the quench transition time, rather than by the 
quench frequency.  
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Table 3. Characteristic parameters and functions of an SRO with trapezoidal quench and 
ζ+ = ζ− = ζo. 

 
 

Q0 ζ0 
tf  = 5 ns tf  = 2 ns tf  = 1 ns 

tw          

(ns) 
∆f-3dB 

(MHz) 
tw             

(ns) 
∆f-3dB 

(MHz) 
tw           

(ns) 
∆f-3dB 

(MHz) 
10 0.05 2.13 249 1.35 * 393 * 0.95 * 556 * 
5 0.1 1.51 352 0.95 556 0.67 * 785 * 

2.5 0.2 1.07 ~ 500 0.67 785 0.48 1110 

(*) These values may only be approximate, since the requirement tf > 2tw is not met in these cases. 

Table 4. Sensitivity function width tw (= optimum received-pulse width) and -3-dB reception 
bandwidth ∆f-3dB (= optimum received-pulse bandwidth) at a frequency of 7 GHz for 
different values of Q0 and tf . 
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6. Performance analysis and experimental results 
6.1 Performance analysis of selected examples 
To gain additional information on the behavior expected from UWB IR SR receivers, we 
have closely analyzed the cases of Q0 = 5 and tf  = 2 ns, and Q0 = 2.5 and tf  = 1 ns. Table 5 
summarizes the SRO parameters for a total peak gain of 50 dB. The results were calculated 
numerically from the exact expressions shown in Table 2, rather than from the approximate 
ones shown in Table 3.  
 

Parameter Symbol Q0 = 5, tf = 2 ns Q0 = 2.5, tf = 1 ns 
Oscillation frequency f0 7 GHz 
Duration of instability period tb 2 ns 1 ns 
Selective-network damping factor ζ0 0.1 0.2 

Selective-network gain K0 0 dB 
Regenerative gain (matched pulse) Kr 11.4 dB 
Superregenerative gain Ks 38.6 dB 
Total peak gain K 50 dB 
Sensitivity function width at 60.7% tw 0.95 ns 0.48 ns 
Sensitivity full width at half maximum FWHM 1.12 ns 0.56 ns 
-3-dB reception bandwidth (CW) ∆f-3dB 534 MHz 1072 MHz 

-10-dB reception bandwidth (CW) ∆f-10dB 1010 MHz 2016 MHz 

Table 5. Main parameter values for the considered UWB IR SROs. 

The gain of the SRO (in dB) is proportional to the duration of the instability period  
(tb). Therefore, extremely large gains can be achieved by adequately increasing tb. 
However, excessive gain will cause the SRO to operate in the logarithmic mode. 
Eventually, the gain may be reduced by decreasing ζ− relative to ζ+ (Fig. 9). Since UWB IR 
pulses exhibit larger amplitudes than do narrowband signals (due to the energy 
compression in the time domain), UWB SR receivers generally require lower gain than do 
other types of SR receivers. 
Fig. 10 (a) shows the damping function, the sensitivity function and the generated pulse for 
a UWB SR receiver at Q0 = 2.5 and tf  = 1 ns. A characteristic of these types of receivers is that 
the generated pulse contains a small number of carrier cycles. Since in this example tr = tf , 
the envelope of the generated pulse has the same shape as the sensitivity function, and 
therefore, provides the pattern for the optimum pulse during reception. Figs. 10 (b) and 
10 (c) show the selectivity of the SRO in the time and frequency domains. The curves differ 
from exact parabolas (as expected from exact Gaussian functions), mainly due to damping 
saturation and to end effects associated to the finite quench cycle. The poor frequency 
selectivity (i.e. the curves decrease progressively over several GHz) is compensated by high 
selectivity in the time domain, which would enable use of this receiver in high resolution 
ranging systems. Fig. 11 shows the plot of the maximum pulse repetition frequency (PRF), 
which represents also the maximum quench frequency and the maximum data rate if a 
single pulse per bit is transmitted. The curve in Fig. 11 was constructed considering 
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hangover limitations (Eq. (13)) and reveals that data rates faster than 200 Mbps are available 
for low-Q-resonator SR receivers. 
 
 
 

 
 

(a) 

 

 
(b)

 
 

(c) 
 
 
 

Fig. 10. (a) Damping function, sensitivity function and normalized output pulse at 
f0 = 7 GHz. Selectivity curves (b) in the time domain and (c) in the frequency domain. 
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Fig. 11. Maximum pulse repetition frequency (= maximum quench frequency) as a function 
of Q0. Note that at one bit per pulse, the maximum PRF is also the maximum data rate.  

6.2 Experimental UWB SRO 
We implemented a test SRO according to the schematic in Fig. 12 (a). The SRO, which is 
connected to a symmetric bow-tie UWB antenna, operates at a frequency of 7 GHz with a 
shorted λ/4 microstrip resonator as selective network. The bow-tie antenna is suspended on 
a small portion of the circuit board to minimize substrate parasitic effects. Low-power and 
low-parasitic-capacitance transistors in a cross-coupled differential configuration were 
selected as the active devices to compensate the overall circuit losses. The lower transistor 
acts as a current source controlled by the quench signal. It controls the instantaneous bias 
current of the pair, and consequently, the degree of regeneration, in the form of negative 
resistance, generated in the SRO. A relatively low value of R0 = 1/G0 = 39+39 Ω was 
included to significantly reduce the loaded Q. As shown in Fig. 12 (c), this circuit can 
generate pulses of approximately 500-ps (FWHM) when a quench transition time of 1.8 ns is 
applied. The SRO may yield amplified pulses of more than 200-mV peak from input pulses 
of about 2-mV amplitude, thus exhibiting a gain in excess of 40 dB. The SRO consumes  
150 µA at 10-MHz quench frequency and at a supply voltage of 1.5 V. 

6.3 Comparison with other receiver architectures 
Several implementations of UWB IR SR receivers integrated in CMOS technology have 
recently been described in the literature. Table 6 summarizes the performance of several SR 
implementations and compares them with those of other UWB receiver architectures. As 
indicated by the table, SR receivers are characterized by lower power consumption and 
better energy-per-bit ratios. Compared to narrowband SR receivers, UWB IR SR receivers 
also offer faster data rates with better energy-per-bit efficiencies. 
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Fig. 12. (a) Schematic and (b) photograph of an experimental UWB IR SRO. (c) Pulse 
generated in the SRO, and (d) corresponding spectrum. 

 

 Zheng et 
al., 2008

Lee et al., 
2007 

Daly et 
al., 2010

Chen et 
al., 2007 

Pellissier 
et al., 
2009 

Thoppay, 
2010 

Architecture Coherent Non- 
coherent

Non- 
coherent SR * SR SR 

Technology 180 nm 
CMOS 

90 nm 
CMOS 

90 nm 
CMOS 

130 nm 
CMOS 

130 nm 
CMOS 

180 nm 
CMOS 

Operating frequency 
(GHz) 5.6 to 9 4.4 3 to 5 2.4 3.5 3.5 to 4 

Data rate (Mbps) 15.6 0.1 16 0.5 10 10 
Receiver sensitivity (dBm) -75 -99 -76 -90 -99 -66 
Power consumption (mW) 102 35.8 ** 22.5 2.8 11.2 ** 10.8 ** 
Energy per bit (nJ/bit) 6.5 2.5 1.4 5.6 1.1 0.24 

*  Narrowband SR receiver 

** The power consumption may be reduced by decreasing the receiver duty cycle 

Table 6. Comparison of UWB IR receiver architectures. 

200 ps / 
100 mV /

2 GHz / 
20 dB / 
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7. Conclusions 
In this chapter, we have demonstrated that SR receivers are a promising, low-power and 
low-cost alternative for UWB IR communications. The relatively short sensitivity periods of 
SROs makes them ideal for reception of short RF pulses in general, and of UWB IR in 
particular. Proper pulse reception requires implementation of a quench synchronization 
mechanism. Although synchronous operation generally leads to more complex receivers, it 
offers myriad advantages. For example, the receiver may operate as a matched filter, 
achieving improved noise and interference rejection; faster data rates become accessible; and 
energy efficiency can be improved. We have shown that to achieve efficient filtering and 
amplification of UWB IR signals, low-Q (< 10) superregenerative oscillators must be 
designed, and that quench signals with short switching times (< 5 ns) must be applied. 
Theoretical and experimental results show that an optimized design can efficiently process 
sub-500-ps pulses, achieving peak gains in excess of 40 dB and reception bandwidths at 
-3-dB above 1 GHz. Furthermore, in a UWB IR SR receiver, the data transfer rate may be 
maximized by generating a single quench period per received bit. This implies that the 
quench generator must operate with a quench frequency equal to the data rate. Taking into 
account hangover effects, which set an upper bound for the quench frequency, we have 
predicted data transfer rates faster than 200 Mbps for very low-Q SROs. The power 
consumption of implemented UWB IR SR receivers are among the lowest ever reported, 
with efficiencies less than 500 pJ/bit at data rates of roughly 10 Mbps. 
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