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Abstract

In this Thesis, both low frequency and high frequency ultra-low-power super-regenerative
receiver with detailed circuits and system design for wireless communication networks has been
proposed in this thesis.

The SRR design has been applied super-regeneration theory which simplifies the receiver
circuits implementation without increasing the power consumption and improves sensitivity.
LC-SRO based energy detector, phase-locked loop, frequency locked loop, (PLL, FLL etc),
Automatic -Gm controller, high speed, high conversion gain envelope detector (ED) and
advanced quenching techniques (OQW, CQW) are presented in this thesis.

This thesis also focuses on how to improve SRR’s sensitivity (including SNR, BER) under high
data rate with minimum power consumption. A series of advanced quenching techniques (OQW,
CQW) are presented and studied for LC-VCO based SRO. High speed and high conversion gain
envelope detector with automatic -gm controller will help the proposed SRR achieves great
immunity to PVT variations and improve the data rate. Finally, FLL based frequency calibration
techniques allows the SRR improves its sensitivity and selectivity against PVT variations.



List of Abbreviations Used

SRO super-regenerative oscillator
OoQW optimal quenching waveform
CQwW concurrent quenching waveform
PFD phase frequency detector

FLL frequency-locked loop

ED envelope detector

AGC automatic -gm controller

PVT process-Voltage-Temperature variations
ABB adaptive bulk biasing

CP charge-Pump

PSC pulse-swallow-counter

Opamp operational Amplifier

CMFB common-mode feedback
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Chapter 1 Introduction

1.1 Background
Super-regenerative oscillator (SRO) has been widely used as an essential block for super-

regenerative receivers (SRR) for short range wireless communications because of its relative
simplicity, low cost and low power consumption compare with normal amplifier-based receivers
since its invention by Edwin Armstrong in 1922. Throughout the years where vacuum tubes were
still prominent in communication circuits, SRRs were an economical and enough option for both
AM and FM radio implementations and were widely used in commercial walkie-talkie
communication devices and military radar identification systems. As transistors began to replace
vacuum tubes and receivers with improved selectivity were designed, the SRR withheld
prominence in specific applications that call for minimal size and cost at the expense of limited
performance. Currently, SRRs still find use in short-distance radio frequency links that require
low cost and low power consumption. These applications include sensor networks, home
automation and security systems, and remote-controlled devices such as wireless door openers

and radio-controlled toys.

Super regenerative receiver required fewer components than other types of receiver circuit used
during that time. The main attraction of the SR receiver is that it provides more amplification out
of the expensive vacuum tubes requiring fewer stages of amplification in contrast to tuned RF
(TRF) receivers. The TRF receivers often required 5 or 6 vacuum tubes, each stage requiring
tuned circuits, making the receiver bulky and power hungry. The conventional SR-type receiver
consists of a SRO, an input coupling transformer (matching networks), an envelope detector and
a comparator. Manual adjustments are necessary to tune the LC-oscillator frequency and loop
gain. In 1930 the SR receiver was replaced by the super heterodyne circuit due to its superior
performance. In recent years the SR receivers has seen a modest comeback in receiver design.
The reasons for its success are that the SR receiver included a minimal number of required active
devices, a high RF gain, and the ability to operate at high RF frequencies. It finds major
applications such, wireless body area networks, RF identification (RFID) readers etcetera to

name a few.



1.2 Thesis Objective and Contributions

This thesis targets the design of low power high performance SR receivers and its main building

blocks.

Chapter 3 proposes a novel architecture for an ultra-low power, high sensitivity, SRO-based

receiver that uses external charge-pump quenching.

Chapter 4 proposes a novel SR- receiver architecture for wireless body area network (WBAN),
the main circuits contributions are distributed in chapter 5-7 including high speed high
conversion gain envelope detector, optimal quenching waveform implementation, and concurrent

quenching phase SRO are correspondingly presented.

1.3 Design tools and limitations

The design tool used for this thesis on both schematic and simulation is Cadence design tools.

All

SR receivers in this thesis are designed using 180nm CMOS technology with 1V of supply
voltage. Matlab simulations are used for extracting the output from Cadence and analyze the
super-regenerative theory. Due to the tight timeframe for the work and its complexity, there are
some limitations of this research. The thesis mainly focuses on the principle verification on the
design level, simulations are both taken from layout and schematic level. Fabrication of the chip

1s left as a future work.

1.4 Thesis Organization

The thesis is organized as the following:

Chapter 2 illustrates super-regenerative theory and design rules. This section has shown the

general SRR theory and practical design considerations.

Chapter 3 introduces proposed SRR architecture and calibration loops for low frequency
underwater applications. This chapter proposes a full system design by applying SRR theory and

compares its results with conventional underwater wake-up receiver design.



Chapter 4 presents the proposed super-regenerative receiver for 2.4GHz wireless body area

networks (WBANs) and compares its results with the recent SRRs in the literature.

Chapter 5 introduces the high speed and high conversion gain RF envelope detector. In this
chapter, we propose a novel architecture in terms of the circuit’s contributions for high speed

module design.

Chapter 6 presents A quenching waveform with an optimal crossing point calibration for
sensitivity optimization of SR receivers. this chapter deeply explores the concept of quenching

theory in the SRO and applied circuits design with its calibration loops.

Chapter 7 introduces a novel super-regenerative oscillator with sensitivity enhancement and PVT
variations immunity. By applying this proposed technique, the SRO can achieve much more

reliable performance and against PVT variations and noise performance.

Chapter 8 concludes the thesis and presents the future work.



Chapter 2 Explore Essential Design Parameters based
on Super- Regenerative Theory

2.1 Background
To improve the SRO sensitivity and selectivity, the quenching controller for SRO must be

customized in terms of its frequency, shape and amplitude. Many existent SR receiver topologies
have focused on improve the entire system performance and use conventional quenching signal
(such as sawtooth, sinusoidal, triangular, periodically square wave, etc) rather than optimize the
quenching signal and customize to different design environment. In this chapter, we present both
system-level and circuit-level optimization of the quench signal choice and demonstrate the
general design rules of quenching controller which is intimately related to improve the SRO

performance.

Oscillators are normal building blocks in RF circuits design, as a dynamic block, the general
operation of an oscillator can be roughly divided by linear mode and logarithmic mode. if
oscillation amplitude has not reached the saturation before the effective conductance G;(t)
switch from negative to positive, it is said to operate in linear mode, in linear mode, the output
voltage is proportional to the input voltage. When the output reaches saturation voltage, it is said
to operate in logarithmic mode. The previous property is the basis of most of the SRO operation
and its transient response as an oscillator can be described as band-pass filtering mode and
amplifier mode. As it is shown in Fig 2.1, the SRO is modeled from the system level as an
selective LC network that is controlled by a quench controller which dynamically shapes the
instantaneous transconductance of the SRO G;(t) .Therefore, unlike an normal amplifier which
operates in open loop, the SRO operates in a closed loop with modified gain which makes the
system toggle between stable and unstable operation. We can predict that the output consists of a
series of RF oscillation with periodically separated with time interval T, which is determined by

the quenching frequency.



2.2 Super-regenerative theory derivation and key consideration factors

Vin /_*_\ V, hn

LC network

Bandpass
system

Ka(t)

!

Quenching f
signal q

Figure 2.1 Equivalent block diagram of super-regenerative oscillator

As can be seen from the block diagram in Fig 2.1 the SRO block diagram includes a selective LC
network and instantaneous transconductance G;(t) shaping signal (or it referred as the quenching
signal) controlled feedback block with gain ka(t). Since G;(t) is periodically shaped between
positive and negative values, the super-regenerative oscillator is working in different modes

based on the quenching signal.

Transfer function of a second order bandpass system is:

R X

Time domain expression:
Voue (0)" + 28qwoVout(t) + wiVout(t) = 2kySqwoVs(t)’ (2.2)
Vs(t) = Vin(t) + ka(t)Vout(t) 2.3)

Here we introduce 8, and k, represents the quiescent damping factor and circuits initial loss. wq

represents the center frequency of the LC network. Simplifying pervious results gives:

Voue ()" + 28qwoVout(t) + wiVout(t) = 2kySowo(Vin(t)' + ka(t)Vout(t)") (2.4)

Voue (0" + 28(t)woVout(t) + wiVout(t) = 2kySowoVin(t)’ (2.5)



Where dynamic damping factor of the system due to quenching signal 6(t) = 8,(1 — koka(t))
In order to match from block diagram to SRO circuits model to extract the corresponding

parameters, we write the second order differential equations of the LC network.

dvout

Vo(t)(GO — Ga(t)) + C + fvout dt = Iin(t) (2.6)
d?vout(t) , (Go-Ga(t)) dvout 1 _ ldiin(®)
dt2 + c dt t LC vout = c dt (2.7)
Asin(wt)

Instantaneous
transconductance Gi(t)

Fig 2.2 Equivalent circuits model of super-regenerative oscillator

Solving the system transfer functions and equivalents to SRO circuits model, equations become:

( GO — Ga(t
2530 = 0550
1
4 =—
=1
1
L 2k0(l)080 = E

The summary of some system parameters can be summarized into the following table 1. this table
summarizes the design parameters from the equivalent circuits model to the equivalent block

diagram



Table I System Block Diagram vs SRO Circuits model

Center Quiescent Dynamic damping Quenching Initial
frequency | damping factor factor gain loss
Wy 8o 8(t) Ka(t) ko
L 1 1 GO — Ga(t) Ga(t) i
VLC 2kowoC  2Q, 2w, C GO

Original second order differential equations can be further simplified as the following:
Vo(t) = Vh(t) +Vp(t) (2.8)

Where Vh(t) and Vp(t) are homogenous solution and solution which corresponding to the

system response with and without the injection of the RF input.

Its worthy to mention that in order to improve the sensitivity of the SRO, we need to calculate

the expression of Vp(t) under RF input which requires us to getting the expression of Vh(t) first.
Voue )" + 28(t)woVout(t) + wiVout(t) =0 (2.9)
------ Solution in the absence of the input
Initial guess of the solution using variation of parameters to be the following:
Vh(t) = u(t)e @oJ8®ar (2.10)
V() = (u(t) —u(t)8(t)wy)e @S 8mdr
V()" = (u(t)" — 28(t)wou(t)'+ ( 8(t)2wy2- 8(t) wou(t))* e oS 8(mdr

Substitute the initial guess and simplify to be:

1

u(®)" + w? (1 — 8(t)? S(t))u(t) =0 @2.11)

We shall briefly examine these conditions before going on. §(t)? « 1 implies under-damping in

both positive and negative conductance periods. Since the output is changing much quicker than



the oscillation frequency and o) « 1, this implies a slow conductance variation compared with

the oscillation frequency. Therefore, equation (2.11) can be simplified as:

u(t)” + wiu(t) =0
U(t) = Clexp(jwot) + C2exp(—jwyt) (2.12)
Taking only the magnitude response:
Vh(t) = 2 xreal(Vliexp(jw,t)) * e~@o)8@dz (2.13)
by taking the Laplace transform of the simplified equation:
S2U(s) — SU(07) — U(0) + wZU(S) = 0

SU0T)+U(07)

U(s) = St (2.14)
The inverse of the Laplace transform will be:
U(e) = [U(07) cos(wot) + ”S’;) sin(wot)| u (2) 2.15)
The overall output of the homogenous equation will be:
Vz(t) = e @0l 8@aT[cos(w,t) sin(wgt) ][I[;é]uh(t) (2.16)

Where uy, (t) is the Heaviside step function and Vi and Vq are real constants representing the in
phase and quadrature amplitude of the free oscillation to be determined by boundary conditions.
Equ. (2.16) is the natural response, or zero-input response, of the super-regenerative oscillator.
We can observe from this equation that when no input is applied, the output of an SRO is an
exponentially growing or decaying sinusoidal signal with frequency determined by the resonant

tank.
Particular solution can be derived from variations of parameters as the following:
Vp(t) = (V2(t)exp(jwot) + V2(t) exp(—jw,t)) e~@o/ 8@dr (2.18)

Wronskian Determinant of Vp(t)



e~ @0 8T o5 (i, t) e~ @0 8T oyn(—jw,t)
(Jwo — wos(t))e_woIS(T)dTexP(_j“)ot) (—jwo — wOS(t))e_wofs(r)drexp(_jwot)

=—2 jwye 2@ o(Ddr (2.19)
Variation of parameters:

{ V,(©)b(t) + V,(t)*b(t)* = 0
V,(£)b(t) + V,(£)*b(2)" = 2koSewoVs(t)’

The full expression of the output is approximate as:

Vout = 2kySywye @0/ 8madr fot I; () e@0 ) 8@aTgin(w, (t — 1)dT (2.20)
u(t) = e~@o/8@dr Super-Regenerative gain (SR gain)
g(t) = ewo/3@dr Super-Regenerative sensitivity (SR sensitivity)

1) The first term e~@o/ 8()dr represents the super-regenerative gain (SR gain). Its value is
controlled mainly by the sign of the dynamic damping factor 6(t) . Only when 8(t) is
negative, SRO gain is growing with an exponential envelope. The maximum value of SRO
gain is occurring when the transient value of GO — Ga(t) is changing from negative to 0, the

accumulation reaches to the maximum.

2) The second term ewo [ 8(D)dr

represents the sensitivity function of the SRO. The value reaches
to the maximum when 6(t) = 0, which means the accumulation of the sensitivity will reaches
to the maximum only when the instantaneous transconductance crosses 0. Once the
oscillation has been built up, the system will not respond to the input because the sensitivity
will reach to the maximum when 8(t) = 0 and decay rapidly in both directions. In order to
keep the receiver high sensitivity, quenching signal is required to cross 8(t) = 0 more slowly

and interchange frequently between positive and negative to allow the SRO to receive the RF

signal effectively.

3) The start-up oscillation has also been influenced by the RF signal amplitude, operating

frequency, initial loss, static damping factor, however, the influence of the previous



parameters can be eliminated by optimizing the system, so in this chapter, they are not

essential parameters to be addressed.

Instantaneousy

conductance Gi(H) = GO-Ga(t)

Gi(t
“@ At 4| 2
o Al- t
Miax Max
SRO SensitivitySRO! gain
Sensitivity 1 {

SN

Regenerative
Gain
Oscillation
envelope

SRO Vout(t) ,

Fig 2.3 timing diagram SRO under Slope-controlled state

2.3 Summary of Extraction key influencing factors — Quenching controller Design
Basis
> Sensitivity function

g(t) = @l d@ar 2.21)

The sensitivity function s(t), shown in Fig.2.3, is a normalized curve decrease towards to 0 as
time separates from t = t1, the decrease of sensitivity function is very fast due to the exponential
dependence of t. A slow transition will provide a wide sensitivity curve, where a fast one

generates a narrow curve.
» Super-regenerative gain
s(t) = e~@ol 8@ar (2.22)

The super-regenerative gain originates from exponentially growing envelope only in the

negative-conductance period.

» Oscillation envelope (peak at t2)

p(t) = el d@ar (2.23)
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At t =12, it shows the maximum value of 1. When t > t2, the damping factor and its integral are
both positive the sensitivity decays with time. When t < t2, the damping factor is negative, but its
integral is positive, so the sensitivity also decays as t is getting away from t2. because of its

exponential dependence Practically, the oscillation envelope p(t) is a sharp pulse at t2.

> Regenerative gain

Kr(®) = 2 [ pimn(D gDt (2.24)

The regenerative gain quantifies the amplification effect in the regeneration period which is
determined by the area under the sensitivity curve. A wide sensitivity window yields high

regenerative gain. Assumes p;, (T) is constant, the expression simplifies as:
Kr(t) = 2% g()dt (2.25)
2¢Jo
» Passive gain

Ko = — (2.26)

The passive gain originates from the passive resonant tank.
According to [1], the final output can be simplified as:

V(t) = KoKr(t)u(t)p(t)cos(wot + @) (2.27)
which indicates that the response of an SRO to a signal is an oscillation with a gain of

KOKr(t)u(t) and a pulse shape of p (t).

2.4 Frequency domain analysis:
Let us define x(t) as the following:

x(t) = Iy(t) e@o)s@ar (2.28)
Where the Fourier transform of x(t) can be written as and assume
% (Iin(t)) = jwy Igsin(wa x t + @)
. 1,
x(j©) = = j el (@) () g(w) (2.29)

Taking the Fourier transform of I, sin(w, * t + @)

11



Wlflajn(exp(—j(P)S(w + o) — 8w —wa) exp(jg))

the full expression of x(jw) can be described as:

. 1 . .
x(jw) = =35 lawq (exp(—j@)G(w + we) — Glw — wa)exp(j))
The final output can be easily transferred as:

Vo(t) = 2ko8owo u(t) x(t) (x) sin(wy(t))
ke(t) = x(t) * sin(wy(t)) (2.30)

Taking the Fourier transform of the kf(t) can be:

kf(w) = jr(x(—wp)8(w + wg) — x(wg)8(w — wy))
Which equals: | X(jwo)|sin(wet+< X(+jwy)
Therefore, to illustrate the super-regenerative receiver intuitively from frequency domain should
be:
Vo(t) = IokoBowowe u(t) (|G(wa — wp)lsin(wot + @) (2.31)

2.5 System Response in different situations of quenching

According to [1] the frequency response of the SRO under various type of quenching signal can

be modelled as:

. w @(w-w0)
H(jw) =5 = (2.32)
o) = [T pm@g®)etdt = 17 g(t)eltdt (2.33)

The H(jw) can be defined as the bandpass function centered at w0 to determine the frequency
response of the receiver. Based on the previous expression we can derive the AC response

directly from conventional and proposed quenching design.

12



2.5.1 Comparison between recent and conventional quenching signals
Slope-controlled quenching

Instantaneoussy
conductance

Gi(t) |
ta g T T t
Gi(t) = GO-Ga(t)
Max Max{SRO
Sensitivity gain
SRO Sensitivitys l J
SRO Gain jk /\

Regenerative _

NN

SRO Vout(t) ,

Fig 2.4 timing diagram SRO under slope-controlled quenching

Sawtooth quenching can be categorized as slope-controlled type of quenching, Fig 2.4 illustrates

the transient behaviour of super-regenerative oscillator under this type of quenching. For

simplicity, the instantaneous transconductance G;(t) can be modeled as:

Go—Ga(t) _ G't
20oC  2woC

8(t) =
(assume G’ < 0)
SRO Sensitivity:
G't?
g(t) = e®o /3D x exp(==)

Oscillation envelope:

G'(t%-T?)

p(t) = e~ @0/ 8@dr= gxp(— ")

SR Gain:
G't?
u(t) = exp(——7)
Taking the Fourier transform of g(t) and the system response is:
Based on the Fourier transform:

2 T w?
e_at {: —e_ﬁ
FT pair a
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(2.34)

(2.35)

(2.36)

(2.37)

(2.38)



G(w) = /n:;l exp(— ngz) (2.39)

The system response of the SRO under slope-controlled quenching is:

. C(w0—-w)?
H(jw) = ﬁ exp(—%) (2.40)

It is clearly to see the sensitivity shows maximum value when the quenching signal cross Gi(t) =
0. While the SRO gain as the opposite trend shows its maximum value when the Gi(t) reaches
the most negative value which means the regenerative gain in the system has reached to the

wo [ 8(r)dz

maximum. Moreover, e is satisfied as the gaussian function which has the general

following form, according to [6] for slope controlled quenching signal:

tZ
g(®) ~ exp [_E (2.41)
Vin2 1
A sap = " (2:42)

These equations clearly indicate that by increasing quenching slope, g, will reduce, and system

bandwidth will increase.

Step-controlled quenching

Instantaneouss,
conductance

Gi(t) Gi(t) = GO-Ga(t)

ta o T t
-G1

Max Max SRO
Sensitivity gain

SRO Sensitivitya

SRO Gain \ /"\ /
O T T

Min
- Sensitivijty
Regenerative i

Small sensitivity

Gain =
\ /\contr bution

SRO VVout(t)

S

Fig 2.5 timing diagram SRO under step-controlled quenching
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Periodical square quenching waveform can be categorized as step-controlled quenching
waveform. By applying the same procedure from slope-controlled quenching waveform analysis,

we can derive the SRO sensitivity curve for Fig 2.5.

Zgz ta<t<0
8) =4 ¢ (2.43)
0<t<T
ZC(UO

exp( )u( t)ta<t<O

gt) = o1 (2.44)
exp( )u(t) 0<t<T
Taking the Fourier transform of g(t) and the system response is:
Based on the Fourier transform:
—at 1
u(t) = Soan arje (2.45)
at.,, 1
e*u(—t) m p—r (2.46)
G(w) = GO —+ Gl (2.47)
2C —+]LL)
H(0)| = seireery o * (e ——) (2.49)

2¢(60+61) w0 J(@)2+(w—wo)2 J(_—Gl)2+(w—w0)2

2C 2C

where GO and -G1 are the initial and final transconductance values of a given step-controlled

signal. by the similar pattern, the SRO gain can be derived as the following

exp (— @) u(—t) ta<t<O0

u(t) = (2.49)

exp(G )u(t) 0<t<T

Periodical square-wave quenching (or step-controlled quenching waveform) is usually applied in
the low frequency design, since the sharp transition of Gi(t) does not lead to enough sensitivity

and SRO gain accumulation for high frequency design.
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Optimum quenching --Piece-wise quenching
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a
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Regenerative l
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contribution

SRO Vout(t)

S

Fig 2.6 timing diagram SRO under square wave signal quenching

The optimum is designed from taking both the advantages from slope controlled and step
controlled quenching techniques to enlarge the sensitivity and SRO response speed. Since the
frequency response of the optimum quenching is the hybrid of slope-controlled quenching and
step-controlled quenching its easy to write the piecewise quenching instantaneous conductance

as:

( exp(g—gt) ta<t<O
g(t)=Jexp(%t2) 0<t<th (2.50)
exp(_z—ilt) tb<t<T

1 . o exp(— 0’ 251
\/(G—g)2+(w—w0)2 * \/(_2_6;61)2+(w—w0)2 nlcll exp( w® )) ( )

2

|H(jw)] = 2+ (

2.6 Existent technologies and design challenges

With the increasing costs of healthcare in the world’s population, there has been a need for the
development of wireless body area networks (WBANSs). In the view of energy autonomy, to
maintain the wireless receiver low power consumption, high sensitivity becomes a great
challenge. Because of the low complexity of super-regenerative (SR) receiver, a combination of

the super-regeneration principle and OOK modulation enables the implementation of low cost
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and low power consumption design. Various works of SR receiver have been recently studied
and presented, however, general drawbacks such as the use of digital-to-analog quench controller
[10]-[12], a front end LNA [10]-[16], phase locked loop frequency synthesis and low efficiency
envelope detector[10],[13],[15]. cause the increase power consumption and circuits’ complexity.
Meanwhile, conventional ultra-low power SR type receiver suffers from poor sensitivity and

selectivity especially with increased data rate.

In low frequency under-water applications (20KHz acoustic signal acquisition), although many
receiver topologies exist, those that are based on the super-regenerative receiver (SRR)
architecture are most effective at improving energy autonomy. The operation of an SRO-type
receiver is based on measuring the SRO start-up time (logarithmic mode), or the amplitude
difference (linear mode), and the oscillation period to demodulate the input signal. The noise
level, —G,, strength, and selective network quality factor of the SRO greatly impact the SRO

start-up time and oscillation amplitude, and therefore the receiver sensitivity.

To summarize the general SR receivers design challenges are the following:

(1) Conventional RF SR receivers has suffered from high power low sensitivity which limit
the operation of SR receivers at high data rate.

(2) Conventional SR receivers is not able to maintain high sensitivity due to the LC-SRO
center frequency deviations from the desired frequency.

(3) Quenching waveforms is required to be optimized to maximize the SRO sensitivity

respect to the RF input signal.
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Chapter 3 Super-regenerative receiver design for low
frequency underwater communications

3.1 System Overview
The realization of scalable underwater sensor networks requires ultra-low power wireless

communication techniques. Underwater wireless sensor networks (UWSN) consist of a variable
number of sensor nodes and vehicle working in collaboration to perform a common task. This
includes oceanographic data collection, pollution monitoring, subsea infrastructure assessment,
and navigation and control for autonomous underwater vehicles (AUVs) [40-41]. Most systems
use acoustic communications technology, since sound waves experience less attenuation than
optical or electromagnetic signals in the underwater channel. One of the major challenges faced
in underwater sensor network design is that battery power is limited, and nodes cannot be readily
recharged. This has prompted research into system architectures that can minimize power
consumption and increase deployment duration.

Figure 3.1 shows a common underwater sensor network architecture. The network consists of
both stationary nodes that are anchored to the ocean floor and mobile nodes (i.e. AUVs) that
allow for user configuration. Data transfer between subsea nodes occurs via an acoustic link and
through a surface gateway (i.e. data buoy) to a satellite link.

Since significant power consumption occurs when the device is active, system efficiency can be
increased by placing the receiver in an idle state until it is needed. The use of a dedicated wake-
up Receiver (WuR) topology enables ultra-low power operation by continuously monitoring the
channel, listening for a predefined wakeup signal. Wake-up receivers have been common place
in terrestrial network applications and are becoming increasingly important in the underwater
domain. In both cases, the goal is to achieve good sensitivity and low-power consumption.
Existing WuR implementations use energy detection and carrier sensing to achieve low-power
operation [3-7]. The innovative approach proposed in this paper is the first topology based on the
super-regenerative receiver (SRR) architecture for UWSN with improved sensitivity and energy

autonomy compared with current solutions.
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Fig. 3.1 Architecture for underwater wireless sensor network.

3.1.1 Proposed Receiver Architecture

The proposed SRO-RX architecture is shown in Fig 3.2. It consists of the following blocks: a super-
regenerative oscillator (SRO), a charge-pump (CP) quenching controller, a fast-settling envelope detector
(ED), an amplifier, and a hysteresis comparator. The design also implements automatic gain control
(AGC) to control —Gm variations, frequency lock loop (FLL) to calibrate the center frequency of the
SRO and common mode feedback (CMFB) to prevent the DC level shift during process variations. The
antenna at the input of the SRO is a piezoelectric hydrophone with a center frequency of 20KHz and
bandwidth is 10KHz.

r—T1
[ '[ Ao oTTTT e -
FLL loop
00K _input ! tr ™
| pl slo 4
il > L '
Y pivider | B2 | - inpuf SAR-comtro|
TP Feany AR_inpuf H
/4 22| comparator | [fast fler H
_pd ) > i
SAR_clk |
V_quench s . Data output
_/_\_/_\_/_\ '\ Ao
Envelope —>»] Amplifier [
Charge Detector
. Pump [N
Quenching_CLK T T T e el
------ Static
VFB ) . Comparator
abit i
— shift H
T ! ? 9 register Vref §
£ K Dynamic .:
“~.___ Quenching_CLK: Comparator ,"

AGC loop

Fig.3.2 System architecture of proposed SRO-based receiver

The design operation can be explained briefly as a two-phase process: In phase 1, both switches S2, S3
are open and S1 is closed. This prevents the charge-pump from quenching the SRO to allow for the FLL
to adjust the center frequency and AGC to adjust the negative Gm. In phase 2, switches S2, S3 are closed,
S1 is open, and the incoming OOK signal from the antenna is filtered and amplified by the SRO. In this

case, the charge-pump will dynamically shape the instantaneous transconductance of the SRO. The output
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from the SRO will be fed to the fast-settling gain-enhanced ED to detect the envelope. The amplifier and

the hysteresis comparator are used to convert the SRO envelope to digital output stream.

3.2 Super-Regenerative Theory to Design Considerations

Depending on the SRO output level, the SRO-type receiver can be categorized as operating in linear
mode or logarithmic mode. In the logarithmic mode, the circuit sensitivity is measured based on the
difference of the SRO start-up time, which indicates the strength of the RF input signal. In the linear
mode, the receiver sensitivity is measured based on the difference of the amplitude. In this work, the
receiver is implemented in linear mode to save power while keeping short the SRO’s start-up time and
subsequently a shorter quenching time. To simplify the SRO model and understand the theory of super-
regeneration, an equivalent circuit model of the SRO is shown in Fig 3.3. The equivalent circuit model
includes a parallel LC-tank with an injected current Asin(wt), where G, is the parasitic loss of the LC

tank, and —G,, (t) is the gain of the quenching signal.

Asin(wt)

W
a)
W
|
I
-

Instantaneous
transconductance Gj(t)

Fig 3.3 Equivalent circuit model of the super-regenerative oscillator

The simplified second order differential equation of the output voltage from the SRO:

Asin(wt) = C 2+ Gy(t)V, + 1 [ Vdt (3.1)
where G;(t) = Gy, — G, (t) deifned as the instantaneous transconductance of the SRO.
Equation (1) can be written as:

2
Aw cos(wt) = C 2;‘) + G;(t) +LK (3.2)

Since Asin(wt) represents the injected input current of the SRO, the output can be approximated
as:

e % sin(wgt) + G'L(t)sin(wot) (3.3)

Awo
Gi(Hwg

V(L) =
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The damping factor is defined as:
. Gi(t)
2C
And the damped oscillation frequency is defined as:

i (58 -

The SRO output frequency will attempt to track the input frequency, when w, — a? > 0, the
injection current Asin(wt) will cause the SRO to quickly start up oscillation with an oscillation

amplitude that is exponentially proportional to time. The change of the oscillation envelope is

A(JJO
Gi(Hwg

represented as e~ % sin(w,4t), which means the envelope will increase when G;(t) is

negative and the SRO will operate in super-regeneration mode. The instantaneous
transconductance G;(t) consists of tank loss and active device which is periodically shaped by
the quenching signal. The maximum sensitivity occurs at G;(t) = 0 while the oscillation
envelope is null which is called the critical point of the SRO. This represents the energy provided

by the active device to cancel exactly with the energy dissipated by the LC network.

Fig 3.4 presents the conventional SRO+ED architecture as an example with step-control and
slope-control quenching implementation. Cross-coupled transistors M1 and M2 provide -Gm to
the SRO, and differential input transistors M3 and M4 behave as a pre-amplifier stage to inject
the input signal into the LC-tank from the antenna. Slope-controlled quenching waveform tunes
the biasing current in the SRO and dynamically change G;(t). While the Step-controlled

quenching equalizes the differential output without generating CM level shift.

Fig 3.5 shows the two quenching methods (slope-controlled and step-controlled quenching) and
their corresponding sensitivity curves and oscillation envelope. Due to the different slope of
passing the critical point, the slope-controlled quenching naturally has better sensitivity than
step-controlled quenching. However, the oscillation builds up during the negative portion of
conductance within the quenching period. As the oscillation grows with —G,, , the oscillation
will approach a steady state value. The steady state time and effective quality factor are derived
to be:

2C Gi(O)Vinog
lsteady = _Gi(t)l (———=

) G;(£)<0 (3.4)

A(L)o
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Fig 3.4 (a) Slope and Step controlled quenching implementation on conventional LC-SRO (b)
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Fig 3.5 Super-regeneration operation of SRO under OOK input
The root locus versus magnitude response based on the G;(t) change is presented in Fig 3.6. As
the G;(t) increases or decreases from 0, the selectivity will decrease. For the super-regenerative
oscillator receiver, the poles start from initial position (1) from left-hand side of the complex
plane and gradually move towards the right-hand side the complex plane through critical point (2)

and reaches (3). During the bandpass filtering mode, the G;(t) decreases from positive to 0 and
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selectivity increases to its maximum value. During the super-regeneration mode, G;(t) keeps
becoming more negative and selectivity reduces. Overall speaking, the poles locations should be

fixed in the region between (1) and (3).

Selectivity response for
different Gift) Band-pass filtering mode Im ~ Super-regenerative mode
o
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Fig 3.6 Root locus of SRO pole locations and selectivity vs loop gain

Gi=G0-Ga>0 Gi=0 Gi=G0-Ga<0

There are 2 important observations can be made from the super-regenerative theory that can be

used to optimize the circuits design.

1) Fig3.5 illustrates the SRO operation under OOK signal injection and two main quenching
methods. The slope-controlled quenching is using dynamically changing bias voltage to tune
G;(t) in the SRO. The step-controlled quenching generally can be implemented as an equalizing
switch in parallel with LC-tank to start or cease the SRO oscillation. The advantage for the
slope-controlled quenching is using an optimized quenching controller as quenching signal,
G;(t) of SRO can go more slowly to cross G;(t) = 0 which leads to higher SRO sensitivity
compared with step-controlled quenching. However, the main drawback brought with high
sensitivity is the common mode (CM) level shift which requires excessive large value of RC
high pass filter front-end in the envelope detector (ED) in Fig 3.4(b) to remove the CM level and
pass the 20KHz input signal. While for step-controlled quenching cannot accumulate the same
sensitivity as slope-controlled quenching due to the sharp transition through G;(t) = 0, the major
advantage is equalizing the differential output will not generate CM level shift. Meanwhile, data
rate in underwater application is much slower compared with SRO in RF design; enough
sensitivity can be accumulated in longer time duration from the input which means achieving
high sensitivity is not the priority because of low data rate operation. As a result, in this work we

implemented the quenching as step-controlled quenching.
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2) In Fig 3.6, SRO receiver in normal operation, the poles location is fixed between (1) and (3).
However, step-controlled SRO under PVT variations can be worse than slope-controlled SRO
because of the step-controlled quenching with less sensitivity cannot effectively control the SRO
behavior with respect to the input. The SRO can easily reach full oscillation or no oscillation
during the quenching period (pole locations are out of the boundary of (1) to (3) and reach region
(4) and (5) in Fig 3.6). Also, the center frequency deviation would cause degradation of the SRO
selectivity. Therefore, background calibration loops are necessary to be used to achieve reliable
signal detection in underwater signal acquisition and synchronize the SRO output in frequency

with the input signal.

3.3 Important Circuits Blocks Implementation

3.3.A Proposed SRO architecture

To address these limitations, a novel SRO architecture is presented in Fig 3.7 and its benefits are
analyzed in the subsequent sections.
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Fig 3.7 Proposed fast start-up and Gm-boosted SRO
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3.3.B Proposed SRO Quenching Strategy

The quenching mechanism of the oscillator is realized by a charge-pump to control the PMOS
switch MC connected between the differential outputs (outp and outn) of the SRO. When the
switch is turned on, it is equivalent to a high positive transconductance connected in parallel to
the LC tank. The equivalent LC-tank loss increases rapidly and the instantaneous effective
transconductance G;(t) switches quickly from negative to positive and then the SRO cannot
maintain the oscillation. When the switch is turned off, the switch itself displays low

transconductance and contributes negligible loss to the LC-tank and hence the SRO will oscillate.

The proposed charge-pump quenching is designed with a smooth rising edge and sharp falling
edge to achieve better sensitivity by slowly going beyond G;(t) = 0 compared with conventional

step-controlled quenching. A timing diagram of proposed charge pump quenching is shown as

No 00K input
00K input

00K input ?
Proposed SRO output

voltage { Without CM level {
’ shift

sharp falling edge
G_critical =Git)=0-----=-=-==-==f-=--=-- * ----------------------------------------------

t

Smooth rising edge

below in Fig 3.8:

Charge pump quenching

Fig 3.8 Proposed charge-pump quenching strategy
The timing diagram in Fig 3.8 indicates the proposed charge pump quenching is selected to avoid
introducing CM mode level shift in the SRO output, as it is the case of slope-controlled
quenching, and hence eliminate the need of a large RC-filter with cut-off frequency well below
20KHz before the ED. This tremendously simplifies the following demodulation stages while

improves sensitivity by varying the rising edge of the charge pump’s quenching signal.

3.3.C Adaptive bulk biasing (ABB)
Negative Gm boosting: cross-coupled transistors M1-4, and M5-6 work as —G,, cell and positive

peak detector respectively to enable ABB (Adaptive bulk biasing). The ABB effect is to increase
the voltage headroom for the SRO by dynamically tuning the threshold voltage V;;, of M1-4 by
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monitoring the oscillation amplitude of the SRO. When the SRO output amplitude varies, the
peak detector (M5-6) detects the positive envelope and feeds it back to the bulk of —G,, cell
(M1-4) as shown in Fig 3.9. If the output amplitude increases, the bulk voltage increases, V), of
the —Gm cell will be reduced which implies an increase in the negative transconductance and
therefore the output amplitude. From the low voltage operation perspective, ABB solves the

difficulty of decreasing the supply voltage introduced by V;;, of cross-coupled transistors M1-4.

outn outp outn outp outn

Bl c“Z anvg2(¥) (F) gmbaves2 ¢ 53 iVt st4
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Fig 3.9 Small-signal equivalent circuit of the ABB

Since the proposed architecture is using complementary -G, structure (M1-4 and M9-10), the
change in V;, can be given as a function of bulk potential Vg, for NMOS and PMOS devices as:

Vinn =Vino + V(\/|2§0F + Vep| — \/2901:) (3.6)

Vinp = Veno - Y| — 20r — Vsp| — \/200) (3.7)

Where y and Vy, are the body factor and zero threshold voltage respectively when Vg, is 0.

Start-up condition alleviation: By implementing ABB, the conventional start-up condition

requirement of the SRO will be relieved and can be described now as follows:

Gp = G+ G+ Gepos < |Gmeff| (3.8)
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Fig 3.10 ABB on the improvement of start-up time and sensitivity

Figure 3.10 shows that the - G,,. boosting under the same biasing current compared to
conventional circuit relieves the start-up condition and improves the sensitivity of the SRO. For
the SRO to start oscillating from initial non-oscillating phase it usually requires the—Gm cell to
be large enough. However, this causes waste of power as well as reduced tuning range. By

employing ABB scheme, large size of —Gm cell can be avoided.

3.3.D Complementary -Gm and DTMOS Technique
The current reuse differential SRO topology is used by stacking switching transistors in cascade

to tune the - G,,,. For the same bias current, the available transconductance can be twice as high
in the complementary topology than the transconductance of the PMOS only topology. This is
because the same current flows through both PMOS and NMOS cross-coupled pairs
simultaneously. The —G,,, provided by both NMOS and PMOS pairs are given by the following

formula respectively:

1 m
Gemos = — Rp+Ry = —gTN — 9mp (3.9)

The series stacking of NMOS and PMOS transistors allows the supply current to be reduced by

half while providing the same negative conductance.

The dynamic body biased MOS transistor is named as dynamic threshold MOS (DTMOS). By
configuring the MOS transistor in this way, the threshold voltage V;;, of the MOS transistor

becomes function of input signal. Any variations of the gate potential induce the same variations



to the body potential and dynamically changes the threshold voltage due to body effect. Thus,
due to dynamic body biasing, both gate and body transconductance contribute to the conduction

current and effective transconductance becomes (gm + gmb). The transistor model of

DTMOS is shown in Fig 3.11.

Drai =
rain R_body+Rgh Ced Drain
_Mv I I
Gate(Body) Gate(body) J_ ] Chd

C_body

Source “V

Fig 3.11 Dynamic Body Biased MOS transistor

Cgs nggs({) G) gmbVigs Sro

Source

The effective transconductance of a DTMOS transistor and drain current in strong inversion is
given as:

2
Iprmos = anﬂ%{ygs = Vino+ v <J|2¢F + (VS - Vgs)l — 2\ ¢r )}

gMesr = gm + gmy, (3.10)

3.4 Proposed Charge-Pump Quenching Controller
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Fig 3.12 Conventional charge-pump
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Fig 3.13 Proposed charge-pump

Figure 3.12 shows the conventional charge pump is controlled by two switches M4-5 that are
turning on or off, respectively. When V_quench is pulled up (pulled down) to VDD (gnd), Iup
will decrease (increase), and Ipown will increase (decrease). Since the switches M4-5 are
controlled independently, that will cause large voltage swings at vl and v2 under PVT variations
that will result in current mismatch. This current mismatch will cause large variations in the
shape of the quenching waveform which leads to the degradation of sensitivity and selectivity. In
addition, there is a settling time difference for the PMOS and NMOS switches, and this
switching time mismatch can introduce amplitude mismatch to the SRO since the charge pump
cannot turn on and off immediately. To ensure system accuracy, the proposed charge pump in
Fig 3.13 guarantees charging and discharging ratio accuracy and reduced voltage variations in v1
and v2. This design uses a gate controlled NMOS differential pair to replace the conventional
PMOS and NMOS switches to reduce the voltage variation of v2. Also, the proposed charge
pump prevents the nonlinear behavior in the quenching signal generated by conventional charge

pump that uses independently controlled switches.

3.5 Control blocks under PVT variations

3.5.A Automatic gain control loop

AGCs are a common component in RF oscillator design to compensate for the change of

—Gm under PVT variations and incoming signal strength. A conventional approach analog in RF
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oscillators called switch biasing (or self-biasing) is shown in Fig 3.14. This approach relies on
switching the operation region of M5 between strong inversion and accumulation to reduce the
effect of 1/f noise [8]. However, in SRO based receiver applications, the differential input
transistors is the major 1/f noise contributors while the 1/f noise from the tail current is a
common mode signal and that is cancelled at the output. Since the —Gm of the linear mode SRO
can vary drastically under PVT variations and the analog switch-biasing is not strong enough to

control the oscillation, a digital calibration approach is selected.

The circuit diagram of the proposed approach and its timing diagram are presented in Fig3.15
and Fig3.16 respectively. First, the proposed AGC detects the SRO envelope from the amplifier
output and then compares it with a desired reference voltage using a dynamic comparator. The
comparator output is multiplied by the quenching signal to control the clock of a 4-bit shift
register that dynamically tune the biasing current of the SRO. The shift register is selected as the
state machine rather than using a counter because the SRO oscillation amplitude in linear mode

is very sensitive to biasing current change which requires a precise successive biasing tuning.
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Fig 3.14 Conventional Switch-biasing automatic gain control implementation
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Fig 3.16 Proposed AGC circuits timing diagram

3.5.B Common mode feedback
A common mode feedback (CMFB) circuit is needed to control the output CM voltage of the

SRO since it operates in an open-loop control configuration. The proper CMFB choice is
continuous CMFB rather than SC CMFB (switch-capacitor CMFB) since the SRO input is
extremely small which requires the static and quite CM level tuning process to introduce less

interference. MCM1-4 from the differential pairs detects the deviation of the CM signal from the
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desired common mode level and generates a current that is proportional to the difference. This

current is mirror in the tail current transistor of the SRO to adjust the oscillator CM level.

Ipi

I bias ngmZ ( ‘utp Ir )
Ip;

I bias ngm3 ( ‘utn Ir )

outp+outn

lys = Igz +1a3 = Ipias — Gmem( - ref) (3.11)

Where g,cm 1S represented as the transconductance of MCM1-4.
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Fig 3.17 Proposed CMFB circuits implementation

3.5.C Frequency Locked Loop

A typical SRO-based receiver requires frequency calibration to achieve the desired center
frequency under PVT variations. The proposed frequency calibration technique uses a closed
loop feedback as shown in Fig 3.2. During calibration phase the SRO inputs are shorted and the
oscillator is configured in free running mode. The multi-phase frequency divider in Fig 3.18
divides the SRO output frequency by four to generate a set of four-phase signals. Either p1, p2 or
p3, p4 can be selected whose initial value is “10” when sampled by reference clock Fy..r = SKHz.
The chosen signals are then input to the Frequency Comparator (FC) in Fig 3.19, and the FC will
determine whether the SRO output is faster or slower than desired Fy..r and generate “fast” or
“slow” flags. Based on the previous comparison of the FC, the comparison result will be sent to
the input for the following SAR controller which determines the four control bits of the SRO’s
switching capacitor array in Fig 3.7. The clock of the SAR will be the result of logical “XOR”
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between “fast” and “slow”. Proper band adjustment can be made by tuning the capacitor bank

using the output of the SAR register.

In the proposed multi-phase frequency divider shown in Fig 3.18, the SRO output is fed through
a series of three invertors to produce a full swing signal and has been divided by four to generate
four evenly spaced phase signals pl1~p4. Either two consecutive phases pi and pi+1(either pl and

p2 or p3 and p4) can be fed into the input of the FC.

R0 | D OH—D QT b 0 b0

n

—50—Do—>: > (KQ bar |r> CKQ bar [> CKQ_barT|t> CKQ_bar-‘
4

n pL [ p

Fig 3.18 multi-phase frequency divider based on DFFs

The operation principle of the FC is explained according to Fig 3.20 and Fig 3.21 where the edge
positions of pl and p2 relative to the reference clock F..r indicates which signal is faster or
slower. The comparison starts from “10” for pl, p2 respectively. If Fspo> 4 * F..f, the sampled
values eventually change from 10 to 11 and the node “fast” will become high; or to 00 if Fgpo <
4 Fp.or and the node “slow” will become high. It is worth to mention that the flag should only
last 1 reference clock cycle and go back to 0 to wait for the next flag. The maximum number of

required calibrating cycles, Npqx, where the reference clock Fy..r is SKHz and Af is frequency
offset between F..r and the SRO output frequency is divided by 4. The maximum number of

required cycles is:

1 *l 1
_ | Frefear 4 | _ Frer
Npax = |——3—| = “Af (3.12)
Fref Fref+af
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The single cycle calibration time required is:

Tcali -

E E 1
2 ref* 1 ~ 2 ref % 1 _ 4 (313)
Af Af"'Fref Af Fref Af

The total calibration time required by using 4-bit SAR is:

Teotar = 4 * Tequi

Fref
Pn ) 0 A 5 . _B A
—1> CK Q_bar i_bar —> CK 0 _bar _B_bar fast
D_:a
Pn+l c b A_bar
? ¢ P e B slow
LIS cko.bar | C_bar > K 0 bar | D bar  bar
Frequency Comparator D_bar Flag Generator
fast

control

SAR_clock

Fig 3.19 Frequency Comparator, flag generator and SAR input
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Fig 3.20 Frequency calibration during “fast” situation
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Fig 3.21 Frequency calibration during “slow” situation

SAR Control logic implemented by the synchronous static D-flip flop circuits by using “control”
indication from the FC. Fig 3.22 shows architecture of the SAR control logic and Fig 3.23 shows
its subsystem design. The SAR is controlled by the signal “control” generated as the input to the
SAR based on “fast” and “slow” flag. The signal ‘start’ is used to clear all the registers in the
SAR and initiate the calibration. The SAR clock frequency is an essential parameter and must be
determined properly. If the clock of the SAR is faster than the FC would cause the SAR register
to over calibrate the capacitor bank and that results in a wrong calibration. A typical example of
improper clock choice is shown in Fig 3.24. Selecting the SAR clock frequency slower than the
FC will dramatically increase the calibration time which leads to excessive power consumption.
A practical choice for a SAR clock is generated by XOR-ing the “fast” and the “slow” flags of
the FC which results in a proper clock to calibrate the SRO frequency. With the first rising edge
of this clock, the MSB bit b4 is set to high. And the MSB value will be maintained or changed to
low according to the input value. The process will repeat until the LSB of the SAR controller is

determined.

5

=1

Clk

start

Fig 3.22 Proposed SAR register
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3.6 Proposed Envelope Detector

Figure 3.25 presents a conventional envelope detector (ED) with amplifier (ED+Amplifier)
architecture. The ED conversion gain experiences a linear relationship with the SRO oscillation
amplitude as shown in equations (14) and (15). Controlling the SRO to have a small amplitude
for lower power consumption leads to a low conversion gain for the conventional ED. To avoid
any drawbacks from the conventional ED design and simplify the circuit implementation, the
proposed ED is presented in Fig 3.26. This design uses a first stage envelope detection and a
second stage back-to-back inverter operating in linear mode to enhance the conversion gain

while reducing the settling time and power consumption over the previous SRO.
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Fig 3.26 Proposed Gain-Enhanced Envelope Detector

The input transistors M1-2 Fig 3.25 are biased in subthreshold region which generates an output
current that is an exponential function of the input voltage. To prove the necessity of further
gain-enhancement, we calculate a simple expression for the effective conversion gain where the
exponential output current can be approximated using Taylor series expansion. Focusing on the

second order harmonic results in:

(Vgs-Vth) Vs
Ip = Klyexp\ ™t <1 —e'r > (3.14)
Conversion gain = A; ~ szc (3.15)
T
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During the tracking phase, if the load is constant, the oscillation amplitude goes up. The current
through M11 will increase, causing Vgs of M5,6 to increase and reduce the conversion gain.
Using gain-enhancement from the back-to-back inverters positive feedback will reduce the M11
bias current and increase the envelope detector conversion gain and improve sensitivity. If 4, is
the gain of the two inverters and T = R,C;, AV is the start-up voltage difference at the beginning

of amplification. The second stage gain enhancement can be written as:

27l (3.16)

T

Vour = AV exp(

The time constant Ty ;,,, 0f back-to-back inverters is calculated as:

Thiinv = =7 (3.17)

A filtering capacitor C; is connected to the node Vout. The bandwidth at the output is set by the
pole frequency f, formed by C;, and the output impedance of the detector, which is

f, = Ime=e (3.18)

2m*CL

3.7 Proposed Hysteresis Comparator

ms || J?' 4L M4
W on ) b by L

Fig 3.27 Schematic of hysteresis comparator
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The hysteresis comparator shown in Fig 3.27 follows the ED to decode the OOK signal. The
advantage of hysteresis is to eliminate the noise disturbance from the comparator input. When

the voltage difference between |EDgpy, — comp| is small, positive feedback through cross-
coupled M5 and M6 will “lock™ the drain voltage. This will create the hysteresis effect which
makes it independent of the change in drain current. When |EDgp,,, — comp| is large, positive
feedback strength decreases and the lock is released. The drain voltages of M5,6 will be changed
with respect to the differential input change and the comparison will be performed. M3-4 is used

to create isolation between the input and output nodes.

3.8 Simulation Results
The simulations were realized in TSMC 0.18um CMOS process. Fig 3.28 and Fig 3.29 show the

outputs of the different block of the SRO. These results show the correct operation of the SRO
with charge pump quenching and that the ED+Amplifier and hysteresis comparator stage
successfully convert the SRO analog output to digital output streams. Fig 3.30 illustrates a
typical situation of automatic gain control under PVT variations. The results show dynamic
successive —Gm tuning where the tuning process ends in the second clock cycle. Fig 3.31 shows
the continuous DC level adjustment of the CMFB circuit of the SRO output. Fig 3.32 shows the
results of SRO center frequency calibration. This result shows that the SAR is in reset mode in
the first Sms and that after the calibration phase d4 and d3 are set to high to increase their
corresponding capacitance in the capacitor bank to reduce the SRO oscillator frequency and
calibrate it to the desired 20KHz center frequency. Fig 3.33 shows the entire system simulation
with all the calibration loops. Total calibration time including FLL and AGC takes 20ms to
complete. Fig 3.34 shows the input referred noise of the SRO with respect to different k*(W/L)
value of the input transistors in the proposed SRO. The input referred noise is dominated by
flicker noise and in this design, k has been increased to effectively improve the input signal to
noise ratio. Finally, Table I shows the performance comparison between state-of-art underwater
wake-up receivers and the proposed design. The proposed SR receiver achieves a high sensitivity
while consuming power more than two order of magnitude lower compared with current

solutions.
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Fig 3.34 Input referred noise analysis of the SRO

Table I Performance Summary and Comparison

Parameters [10] [12] [16] This work
Frequency 2.4GHz 2.4GHz 400MHz 20KHz
Power Consumption 2.8mW 2.59mW 180uw 114uW
Sensitivity -90dBm -75dBm -65dBm -87dBm
Technology 130nm 90nm 90nm 180nm

6.2 simulation results for wireless sensor networks 2.4GHz super-regenerative receiver

simulation results

TABLE II. State-of-the-art of Acoustic Modems Used In Underwater Sensor Networks

Modem ITACA Freitag Wills This work
[11] [12] [5]
Modulation FSK FHFSK- FSK OOK
PSK
Data rate 1kbps Skbps 600kbps 100kbps
(bps)
RX Power 24mW | >500mW | >25mW 114uW
Sensitivity 30 uv N/A 10uv (Y%
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3.9 Conclusion
This paper presents a complete and novel architecture of SRO-type receiver for underwater

acoustical wireless sensor networks. The proposed SRO architecture reduces power consumption
and start-up time compared with conventional architecture. The proposed charge pump
quenching signal improves the SRO sensitivity without introducing common mode level shift to
the output. In addition, three control loops including FLL, AGC, CMFB are applied to improve
the circuits immunity under PVT variations which makes the circuits more robust and data
acquisition more reliable. The simulation results prove the proposed SRO-type receiver is well-

suited for underwater applications and agree with the theoretical analysis.
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Chapter 4 Super-Regenerative Receiver for WBANSs

4.1 System Architecture
The proposed SRO-RX architecture is shown in Figure 4.1 It consists of the following blocks: a

super-regenerative oscillator (SRO), a quench controller, an automatic —G,, controller, a buffer,
an envelope detector (ED), an amplifier, and a set of two comparators. The designed operation is
explained briefly as follows: the incoming OOK signal from the antenna is amplified by the
SRO, then it fed into the ED through a buffer to detect the envelope. The amplifier and the main
comparator are used to convert the SRO envelope to digital output stream. The current level
Ioriticar 10 the quenching controller represents the current needed for the —G,,, block in the SRO
to exactly cancel the parasitic loss. The control switches and the auxiliary comparator form the
automatic —G,, controller to adjust the biasing current from the quenching controller by

monitoring the output of the amplifier.

JI'lHWMHmr Data output
010110010 oft]o[r1]o ofi]a.
—
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-Gm Control
| h Quench Control
quendl uench {, |
Iszo Circuit switches
| enp T

CLK

Fig 4.1 The proposed architecture of SRO-RX

The sensitivity and the power are the major factors which require attention to carefully design
the SRO. The proposed differential SRO achieves high voltage swing under low supply voltage
by using several techniques as explained in Section II-B. A 2-step quenching is used rather than
regular sinusoidal and sawtooth quenching because it offers better sensitivity since it is only
related to the current level before oscillation rather than the shape of the waveform. Since the
selectivity is inversely proportional to the square root of the sinusoidal and sawtooth quenching
frequency, with two-step quenching, the selectivity is irrelevant to the quench frequency and by
precisely tuning the SRO biasing current, a high selectivity can be achieved without increasing

power consumption and circuits’ complexity. Moreover, to prevent SRO from oscillating in the
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absence of the RF input signal, which decreases the entire receiver sensitivity and increase power,
the proposed two-step current quenching technique is controlled to be less than a maximum
current [,,,,, to ensure that no excessive loop gain is generated and that the SRO responds only to
the injection of input signal (see Fig 4.2). Automatic —G,, control is also very important since it
directly decides the precision of the demodulated data and avoids false signal detection as will be

discussed in Section I11-B.
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Fig 4.2 Two-step quenching SR receiver working principle

4.2 Circuits Implementation

4.2.1 Proposed SRO Architecture
The high sensitivity gm-boosted SRO is presented in Fig 4.3. To detect incoming OOK RF

signal, the SRO is periodically quenched by Vy at the same rate of the receiving data. The circuit
works in 2 phases of operation: bandpass filtering (BPF) and super-regenerative (SR) intervals as
shown in Fig 4.2. When the quench control circuit is setting the current less than /Ieitical, the SRO
is behaving as a highly selective bandpass filter (BPF interval). The effective transconductance
of the SRO is given by Gerr = G. + G, — Gy, where G, and G, represents the effective
parallel conductance of capacitor and inductor respectively and G,, is the conductance of the
negative resistance formed by M1-4 (Fig 4.3). When the effective conductance Gsr switches
from positive to negative, the super-regeneration occurs and the non-linearities in the SRO drives
the oscillation (refer to SR interval in Fig 4.2). There is a trade-off between G, start-up time
and selectivity. The greater G,s, the faster is the start-up (fsartup in Fig 4.2) and the greater the

SRO’s output amplitude, and when G, s approaches 0, the better is the selectivity. Therefore, by
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proper selection of the -G, in the circuits, a high selectivity and a sensitivity can be achieved

simultaneously.

Capacitive division

Cc2 CZH
T

_______

Fig 4.3 Proposed SRO front-end architecture

The main objectives in designing the SRO is increasing the sensitivity and lowering power

consumption. The input transistors M9,10 behave as a differential amplifier and provide pre-

amplification without the use of a dedicated stage by current reuse. The transistors M5,6 are used

to implement a peak detector to enable adaptive bulk biasing (ABB) by dynamically tuning the

threshold voltage V;, of M1-4 and increase their effective voltage V-V, and hence the voltage

headroom of the SRO. From the low voltage operation perspective, ABB alleviates the difficulty

of reducing the supply voltage limited by Vi, of the cross-coupled transistors M1-4. The

transistors M7,8 implements a capacitive division technique to further reduce the voltage

headroom requirement by decreasing V},s; g to reduce their V, as per (1).

Vin = Vino + V(\/‘2¢F + <V5 T CtC,

Cy
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Meanwhile, from the input perspective, M7,8 also works as common gate to reduce the
oscillator’s kickback noise from injecting into the input antenna. Finally, input transistors M9,10
use dynamic threshold-voltage MOSFET (DTMOS) to further increase the input gain. The

voltage gain of the SRO equals the following:
1
Ay = Gefr * Gr (4.2)

1 - Rg Q 1 Cr
Rs(Q2+1)  (wL)2’ ~eff T Gral'L

Where Gt = G, — Gy, G, = , and CT = the total capacitance

at M1-4. Gefris the effective transconductance of M9,10, and G,,, = 2gm; is the total

conductance at the drain of M1-4.

Rs

Equation (3) shows that as Gr decreases, Q.rr and A,, will increase.

4.2.2 Two-Step Current Quenching and —Gm Controllers Design
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Fig 4.4 Proposed Quenching controller Design

The proposed switch capacitor quench controller and its control clocks are shown in Fig 4.4 and
Fig 4.2 respectively. It is designed with an enhanced current mirror to reduce the necessary bias
current of the SRO. Since the SRO is working mainly in BPF and SR intervals, the biasing
current of the oscillator supplied by the quenching controller is divided into two parts. First,
Isteqay and Igpp will quickly charge the capacitor Cgi to a current very close to its critical current.

That will place the SRO in the BPF interval. This size of the capacitor Csg; is set to a value to

47



reduces the settling time required to reach the current I,,jticq;- Then, the quenching circuit
supplies Iggo to step up the SRO biasing current and provide the required negative G,,for the
super-regeneration (SR interval). At the end of quenching period, Cg> discharges Vy to 0 (biasing
voltage of M11 in Fig 4.3) and waits for the next quench period. The ratios of currents Isz(:

Igpr : Isteqay are equal to 13.8: 5: 0.4 and they are optimized for best performance.

The current in the SRO should be controlled carefully to avoid large oscillation that causes
wrong signal detection. The timing diagram in Fig 4.5 shows that a large RF input injection will
results in an undesirable oscillation at the SRO output and translate to a wrong signal detection at
the output of the main comparator. The automatic —G,, controller implemented using 4 D-flip
flop as shown in Fig 4.6. It will sense the false signal from the auxiliary comparator and generate
Q1-4 to reduce the quenching current by turning off the control switches and regulated the

current in the SRO as shown in Fig 4.4

0OK input l
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input
Auxiliary comp. J

output Wrong siganl
detection
~

Wrong siganl Wrong sigan!
detection detection

Main comp. cleared cleared
output

0000 1000 1100 1110 1111

Q;Q,0:Qs Q;Q,0:Q: Q:Q,Q:Q Q:Q:0;Qs Q:Q,0:Q:

Wrong siganl /l Vref_high

Envelop detector detection Wrong siganl Wrong siganl
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Fig 4.5 Timing diagram of Automatic —G,, controller
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Fig 4.6 Proposed Automatic —G,, controller
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The automatic —G,,, controller circuit enables the SRO to achieve an optimum value of excess
loop gain and reliable start-up. The output amplitude of the SRO is affected by its biasing
current Ip;,s and the parallel resistance Req of the SRO. Since tuning Req will affect QO of the
resonator, it is difficult to tune Req and it is more practical to tune SRO output signal amplitude
by adjusting I;,s. The output of the auxiliary comparator is used as clock to drive 4-bit shift
register that turns on sequentially the switches controlled by Q1-4 in the quenching controller to
increase oscillation in the SRO for small input signal. For large input signal, the quenching
controller will turn off sequentially the switches controlled by Q1-4 to avoid wrong detection as
shown in Fig 4.5 That will help also to save power and bias the SRO with the minimum current

needed for correct operation.

4.2.3 Amplifier and Comparator
To accurately measure the envelope and convert to digital output, this work has adopted the

amplifier-comparator structure. Amplifier has used current shunt technique to achieve gain
enhancement. Meanwhile, comparator sensitivity is improved by increasing the gain of the
second latch stage. Moreover, the proposed comparator requires only a one phase clock. M8 and

MI11 are used to reset the Xi nodes to avoid mismatch voltage between Xi nodes that causes

2

comparator offset.
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Fig.4.7 Gain-enhanced OTA
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Fig.4.8 Current-Reused Double Tail Comparator

4.3 SRR design for wireless sensor networks
Fig 4.7 shows the measured high sensitivity of the SRO output at 10uV OOK input signal, the

quenching rate is designed to be twice of the data rate at 3.3Mbps. The negative conductance is
controlled periodically to filter and amplify the input RF signal. Fig 4.8 shows the automatic -G,
controller under 100pnV input OOK signal with false signal detection removed after the first
quenching cycle. Fig 4.9 shows the results for the envelope detector and the main comparator
digital output. The measured performance of proposed SRO-RX and previous works are

summarized in Table 1.
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Fig4.9 Proposed SRO transient output with high sensitivity
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Table I: Performance Summary and Comparison

[10] [12] [13] [14] [15] This work
Technology 130nm 90nm 65nm 90nm 180nm 180nm
DR 500kbps SMbps 1Mbps SMbps 10Mbps 3.3Mbps
Frequency 2.4GHz 2.4GHz 2.4GHz 2.4GHz 3.5GHz 2.4GHz
Power 2.8mw 534uw 227uw 500uw 10.8mw 398uw
(include PLL) | (without PLL)
Sensitivity -80dBm -75dBm -83dBm -67dBm -66dBm -87dBm
(BER =10-1) (BER =10-3)

4.4 Conclusion

This thesis presents a complete and novel architecture of SRO-type receiver for underwater
acoustical signal acquisition and RF wireless sensor networks. The proposed SRO architecture in
both different environments reduces power consumption and start-up time compares with
conventional architecture. charge pump quenching signal and sensitivity-enhanced two step
quenching improves the SRO sensitivity respect to the input. In addition, 3 control loops
including FLL, AGC, CMFB is applied to improve the circuits immunity under PVT variations
underwater commutation networks in which makes the circuits more robust and data acquisition

more reliable. The simulation results prove the proposed SRO-type receiver is well-suited for its

applications and agree with the theoretical analysis.
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Chapter 5 The high speed and high conversion gain
envelope detector

5.1. Introduction:
While envelope detector (ED) is an essential block in most of the SRO-type receivers,

conventional ED generally suffers from low conversion gain or low speed [28-30] which limits
the data rate of the system. A typical ED is preceded by a simple RC high pass filter to remove
common mode (CM) signal generated by the quenching circuit in the SRO (Fig 5.1(a)-(b)). This
CM level shift generates glitches at the input of the ED that will overlap with the detected
envelope at the output and create significant distortion. On the other hand, conventional ED
followed by amplifier to increase the output voltage cannot operate at high data rate due to the
amplifier large time constant (Fig 5.1(c)). Based on the previous observations, this letter
proposes a new ED architecture and related circuits that minimize CM glitches with new fast

settling gain-enhancement to achieve higher data rate operation.

Vdd r

T o 1 e SRO output CM level shifts Due to : :
o . |

0OK_Input biasing current tuning R R I :
|

Vose_ gL A g/ 4 wowzy [ G0

Voscp ' I VF I [ Vepn

Iqutznch OSCIII |

Quench | |

Isro Circuit VEDp _I_ : () |

|

T C : |

= CLK ]

SRO biasing I

current tunin .
g Conventional envelope
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(a) (b)

Vep
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Vepn - Large time constant: reduce date rate
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DC replica

Fig 5.1: SRO receiver: (a) SRO front-end, (b) conventional ED, (c) gain-enhancement using

amplifier
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5.2 Conventional ED analysis:
It is very important to note that ED rejects differential small signal with respect to its input, but

any CM signal will appear at the output with the desired second order harmonics of the input
signal (refer to Fig 5.1(b)). Input transistors Mi. in Fig 5.1(b) are biased in subthreshold region
which generates an output current that is an exponential function of the input voltage. To prove
the necessity of further gain-enhancement, we calculate a simple expression for the effective
conversion gain where the exponential output current can be approximated using Taylor series

expansion. Focusing on the second order harmonic results in:

Conversion gain = A, = % (5.1)
T
where K=—2_ —_&m (5.2)

4(HVT)2 B 4nVr

Vr is the thermal voltage, n is the subthreshold slope factor, V; is the input signal amplitude, and
K is the V/I conversion constant. Equation (1) reveals the necessity of second stage gain-
enhancement since the conversion gain is dependent on the output swing of the SRO circuit
(VOSC in Fig 5.1(a)) and increasing this RF signal amplitude leads to excessive power.
Meanwhile, to suppress the low frequency CM glitches, a bandpass (BP) buffer is needed for

pre-filtering before the gain-enhancement.

5.3 Proposed ED Implementation:

Fig 5.2(a) shows the block diagram of the proposed ED and Fig.5 2(b)-(c) show its circuit level
implementation. This proposed ED consists of a bandpass (BP) buffer stage followed by a fast
settling gain-enhanced ED. The buffer stage is designed to have BP filtering characteristic before
the ED by using a source degenerated common source amplifier structure. The high-speed ED is

designed using back-to-back inverters as the second stage to improve gain and speed.
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Fig 5.2 Proposed ED: (a) block diagram, (b) BP buffer, (c) fast-settling gain-enhanced ED.
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Fig 5.3 AC response of proposed BP buffer vs Source follower buffer.

The BP buffer, shown in Fig 5.2(b), works in glitches suppression mode at the low frequency
where this circuit is equivalent to a source degenerated common source amplifier with a gain
designed to be much less than 1 (refer to the dashed box in Fig 5.3). At high frequency around
the bandwidth of the SRO, the total capacitance CS at the source of M1 and M2 is shorted to
ground which makes the buffer equivalent to a common source amplifier with a gain higher than

1 (see Fig 5.3). The buffer gain can be approximate as:
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A ~ ——ImR 1 Glitches suppression mode (5.3)

V-buffer 1+gmiTo3

A ~ —gmiRy > 1 signal buffering mode 5.4

V_buffer

where g,,; 1s transconductance of M1 and 7,3 is the small signal output resistance of M3. As
opposed to a source follower buffer that passes the input and the common mode signal glitches
as shown in Fig 5.3, the proposed BP buffer suppress the glitches that reside outside the
bandwidth of the SRO signal enabling the ED to detect the low frequency envelope without

overlapping with the distortion generated by the common mode signal.

The ED design is accomplished by using two stages of gain as shown in Fig 5.2(c). The first
stage envelope detection is performed by biasing the input transistors Ms.¢ in subthreshold to
extract the envelope of the input signal by converting the square of its voltage into output current.
The capacitor Cr at the output extracts the low frequency envelope while filtering the higher
order harmonics. In the second stage, the conversion gain is improved using back-to-back
inverters operating in linear mode rather than use amplifier which would introduce excessive
output time constant. Since the first stage gain of the ED is small, a small signal analysis is still
valid. The two pair of inverters with G, = gmo and G,,2= gm11 are operating in linear mode.
Each of the inverters can be linearized as a voltage controlled current source driving the RC
output load (see Fig 5.4), and its KCL equation can be written:

av. v,
_ yx _ Vyx
Gmi,2 Vay =—CL at Ry (5.5)

The solution is given as the following:

A1 =DV = (Ae = D % = T2+ AV (5.6)

whereA,,; and A,,, are the gain of the first and second inverter respectively and t = R,C;. AV =
Ve — Vj, is the start-up voltage difference at the beginning of amplification. By designing 4, =

A, = A,,, the second stage envelope output voltage can be written as:

Ay—1

T

Vour = AV exp(

£) (5.7)
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The time constant Ty, ;,,, 0f back-to-back inverters is calculated as:

T
Ay—1

Tpk_inv = (5.8)

Equation (8) shows that the settling time t of a conventional ED is reduced by the small signal
gain of an inverter. As a result, the proposed ED can reach higher output voltage under the same
data rate. While a higher output voltage can be achieved by cascading an amplifier at the output
of conventional ED, a large settling time will be needed to reach same output voltage as shown

in (8) and Fig 5.5. That will limit the speed of operation and the maximum data rate of the SRO.

Vour = AV(1 — exp(—t/Tamp)) (5.9)

- 1/gm Gz Vy l/gm

VYS R,= + C C‘) G-V R, = ¢ = W
=

Fig 5.4 Invertors linearized model during track and-latch stage

ED output

Back-to-Back inverters:
Vout = AV EXP(t/ tbk_inv)
Vout et i Amplifier:
AV " Vout = AV (1'9XP('t/ Tamp))
1 stage
ED
trise _, AT _ time

reduced settling time

Fig 5.5 Settling time comparison of gain enhancement using back-to-back inverter vs amplifier

5.4 Simulation results:
Fig 5.6 shows the simulated results of the proposed gain-enhancement ED and conventional ED

at data rate of 3.33Mbps. The results show that the proposed solution increases the conversion
gain without increasing the settling time. Also this results show that the proposed ED achieves
much better glitches suppression compared with conventional ED. The timing diagram in Fig 5.7
illustrates the superiority of the proposed ED compared with conventional ED with amplifier

used for gain enhancement for data rate of 6.66Mbps. The amplifier introduces a delay that will
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cause inter symbol interference at high data rate while the proposed ED can still work properly.

A summary of results comparison with other works is included in Table 1.
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Table I: Envelope Detector performance comparison

[37] [38] [39] This work
Technology 130nm 180nm 90nm 180nm
Frequency 2.4GHz 2.4GHz 2.4GHz 2.4GHz
Data rate 0.05Mbps 3.85Mbps SMbps 6.66Mbps
Power 19uW 1.8mW 3uW 8.45uW
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Chapter 6 A quenching waveform with an optimal
crossing point calibration for sensitivity optimization
of SR receivers

6.1 Introduction
Super-regenerative receiver (SR) is one of the most popular architecture that achieves low

complexity, low power consumption, and high sensitivity for short-distance wireless
communications [1]. The core elements which determine the SR receivers’ performance are the
super-regenerative oscillator (SRO) and its quenching waveform. Recently, the concept of
optimal quenching waveform (OQW) has been derived in [1-3] both in time and frequency
domains. A typical SR receiver biased by an optimal quenching waveform to achieve optimal

sensitivity is shown in Fig 6.1.

SRO output

Yy (SN quye

Quench

Circuit _|/-|_|/r|_|/_|_|/r|_
Optimal quenching

Tuning CLK waveform

SRO biasing current

Fig 6.1. Block diagram of a typical SRO-RX under optimal quenching.

While OQW can improve the SR receiver performance, any deviation in the slope and step
responses in the waveform can degrade the sensitivity. To date there are few works [1], [4] that
have presented the implementation of the optimal quenching signal and the calibration of its
shape under process, voltage, and temperature (PVT) variations. Also, existent quenching
techniques rely on the use of digital-to-analog quench controller and phase locked loop

frequency synthesis [4-5] which cause increase in power consumption and circuits’ complexity.
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In this work, an OQW circuit based on a hybrid of conventional slope-controlled and step-
controlled quenching signal is proposed. Also a new technique using an optimal crossing point
waveform calibration to adjust the slope and the step shapes of the OQW signal is proposed to
optimize the sensitivity of the SR receiver. This paper is organized as follows: Section II
introduces the OQW concept. Section III explains the proposed waveform calibration technique.
Section IV details the proposed OQW circuit and its calibration implementation. Section V and

VI present the simulation results and the conclusion respectively.

6.2 Optimal Quenching Waveform Concept
The OQW proposed by Fernandez-Rodriguez and Sanchez-Sinencio in [1] along with the

conventional slope and step controlled quenching waveforms are depicted in Fig 6.2. This
quenching signal places the SRO into 2 regions, namely sensitivity accumulation (SA) region
and super-regenerative (SR) region to optimize the SRO sensitivity (Fig 6.2). The expression of

the output voltage of a typical SRO (Fig 6.1) can be expressed according to [1] as:

Step quenching ¢
waveform

0t iT ; 2T t

Slope quenching
waveform

tref ET EZT £

Optimum quenching |,
waveform

Fig 6.2. Three different quenching waveforms for SRO-RX
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under different G;(t) shaping

Ve (t) = 2k8owoe @0 8@z, fot I, (£)e®o | 8@atgin(w, (t — 1)dT (6.1)

where k(,04, w, represents the passive gain, quiescent damping factor, and center frequency of
the SRO respectively. I;;,’(t) is the first derivative of the current of the input signal. 8(t) is the

dynamic damping factor for the entire system and is given by:

§(t) = L=m® (6.2)

ZOJOC
where G, represents the SRO static loss, —G,,(t) is the transient value of the negative
transconductance. C is the total capacitance from the LC-tank and G;(t) = G, — G,, (t)
represents the instantaneous transconductance due to the quenching controller. The general

sensitivity function can be derived as:

t
Sensitivity: S(t) = e®0 k8@ (6.3)
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Fig 6.3 illustrates the sensitivity comparison between the OQW and the conventional quenching
waveforms. The OQW can most effectively control the SRO behavior with respect to the input
during the SA region while the conventional quenching waveforms accumulate maximum
sensitivity in the vicinity of G;(t) = 0. The sensitivity function for the slope-controlled

quenching can be derived as the following expression:

t .
Ssiope(t) = @0 @ ~ oxp @Dy (64)

where G;(t) is assuming a constant negative slope throughout the quench period.

Similarly, by applying (3), we can derive the sensitivity function for the step-controlled

quenching and OQW of Fig 6.2 as the followings:

exp (@t) 0 <t < tre
Sstep(t) = 2 (6.5)
ser ex ("—Gl t) tor <t <T .
4 2C ref
G
J{ exp(it) 0<t< t,
Gi(t)

Soptimum(t) = { exp (? t) tg <t < tp (6.6)

exp(_z—ilt) tp, <t<T

where —G;is the minimum value of G;(t).

By comparing the sensitive functions in (4)-(6) we can see that the OQW achieve the maximum
sensitivity accumulation in the SA interval compared to the slope and step quenching signals
(Fig 6.3). However, to achieve this maximum sensitivity during the SA region, the optimal
quenching waveform must cross a voltage V;..r, defined as the critical biasing voltage for SRO
before oscillation, at a specific time t,.r to maximize SRO sensitivity as shown in Fig 6.4(a).
Meanwhile, any deviation in the crossing point (slope-variations) causes degradation of the
sensitivity accumulation as shown in Fig 6.4(b). Based on the previous observations, this paper
proposes a quenching circuit that generates an OQW and calibrates its shape with sensitivity

optimization control loop and automatic —G,, controller to improve the SR receiver sensitivity.
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Fig 6.4 OQW under PVT variations: (a) slope variations and (b) sensitivity variations under

different Vi crossing points

6.3 Proposed Waveform Calibration Technique
Fig 6.5 (a) shows the block diagram of the proposed calibration technique for OQW while Fig.

6.5 (b)-(d) represent different scenarios of slope and step waveform variations. This block
diagram consists of two calibration mechanisms: 1) a sensitivity optimization control loop
formed by a slope level comparator, a slope time comparator, and a successive approximation
register (SAR), 2) an automatic —G,, controller consists of a step level comparator and an
automatic —G,, tuning block. Sensitivity optimization loop enables the quenching waveform to
cross an optimal crossing point located at (tref, Vyer) to achieve the widest symmetrical
sensitivity function as shown in Fig 6.4(b) which can maximize the sensitivity accumulation of
the SRO. Fig 6.5 (¢)-(d) show a leading and a lagging slope variations cases where the slope time
comparator captures the deviation between the slope level comparator output and the reference
clock Clk,.s and enables the SAR to tune the slope of the quenching waveform to map the
current crossing point to the desired point (t,¢f, Vyer). The reference clock Clk,.r is generated
from a reference clock with a rising edge crosses the desired crossing point and a falling edge is
synchronized with the falling edge of the optimal quenching waveform as it is shown in Fig
6.5(a). The reference voltage V;..r reference is set to the critical biasing voltage that maximizes
the SRO’s sensitivity accumulation in the SA region. The automatic —G,, controller reduces the
step variations by dynamically tuning the —G,,in the SRO to limit the maximum voltage of the

quenching waveform from exceedingV,. which is defined as the highest tolerable biasing

ef_nigh’
voltage to guarantee no excessive oscillation in the SRO. Fig 6.5 (e) depicts how the quenching

waveform can be compensated for step voltage variation within a suitable range.
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Fig 6.5 Proposed OQW calibration: (a) Block diagram, (b) Optimal (c) leading (d) lagging

crossing points, and (e) Step-variations

6.4 Circuits Implementation
The proposed OQW and its control clocks are shown in Fig. 6(a)-(b) respectively. It is composed

mainly of two blocks a sensitivity optimization sawtooth generator for slope control, and an
automatic —G,,, step generator for step control. When Clkyco_p = Clkyco = 1 the output of the
OQW circuit is reset (Clkyco is the sampling clock of the SRO). When Clkyco_p = 0, the
sawtooth generator, consists of a 4-bit capacitor bank controlled by S; — S,, is dynamically tuned
by the SAR register to adjust the slope of the OQW in SA region by controlling the current in the
capacitor Cp; via the transistor M12. When Clkgy, = 0 the quenching circuit supplies Iy to
step up the OQW output voltage and provide the required negative G,,for the SR interval. The
switches driven by Q; — Q,are controlled by the automatic —G,,control circuit to adjust the step
response of the OQW output.

The sensitivity optimization circuit is shown in Fig 6.7 (a) and its calibration timing diagram is
shown in Fig 6.8. The slope level comparator compares the OQW output with the desired

reference voltage Vy..r. This slope level comparator is combined also with a DFF to reset the

signal SLCqs5 with Clkyco and hence to allow new slope detection information in every clock
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cycle. The slope time comparator block compares the reference clock Clk,.r with SLCyz to
determine whether the slope level comparator output is synchronized or deviated from the
desired time reference t,.r. The slope time comparator generates Clkgygthat drives the SAR
register and consequently the 4-bit capacitor bank controlled by S; — S, (in Fig 6.6(a)) to achieve

lock state as shown in Fig 6.8.
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Fig 6.6 Proposed circuits design of OQW generation: (a) circuits implementation and (b) Timing

diagram
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The automatic—G,,controller shown in Fig 6.7(b) senses the step biasing voltage by the step
level comparator and dynamically tune the 4-bit shift register to adjust the control switches Q; —

Q, in Fig 6.6(a) to reduce the step variations.
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Fig 6.8 Proposed sensitivity optimization timing diagram

6.5 Simulation Results
The proposed OQW circuit and its calibration loops are implemented in 180nm CMOS

technology and tested within an SR receiver of a center frequency 2.4GHz. Fig 6.9 shows the

sensitivity optimization process and how the calibration is completed when the SLCyyf is
synchronized with the reference clock Clk,.s. The timing diagram in Fig 6.10 illustrates the
dynamic generation of the OQW by observing the slope change of the sawtooth signal with

every calibration cycle. Fig 6.11 shows the simulated results of the proposed automatic —G,,
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controller to reduce step-variations. Fig 6.12 shows the output waveform of the SRO in response
to a stream of input OOK signal. During the waveform calibration cycles the SRO output
exhibits oscillation in the absence of the input signal which cause wrong digital decoding of the
input OOK signal. After completion of the waveform calibration, the SRO responds correctly

according to the presence of the input OOK signal.
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Fig 6.9 Sensitivity optimization for slope-variations calibration
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6.6 Conclusion
This paper proposed a new optimal quenching waveform circuit and calibration for sensitivity

optimization of super-regenerative receivers. Sensitivity optimization and automatic —G,, loops
are used to adjust the slope and the step variations of the quenching waveform respectively and

hence improve the performance of the super-regenerative receiver.
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Chapter 7 A super-regenerative oscillator with
sensitivity enhancement and PVT variations immunity

7.1 Introduction

This chapter presents a new super-regenerative oscillator (SRO) with concurrent quenching
phases (CQP) technique to improve the SRO sensitivity and immunity to process, voltage and
temperature (PVT) variations. The proposed SRO architecture is controlled by two separate
biasing branches to extend the sensitivity accumulation (SA) region compared to conventional
optimal quenching waveform (OQW) under the same quenching cycle. During super-
regeneration (SR) region, the SRO gain is further enhanced by a complementary —G,, to achieve
faster oscillation. Designed at 2.4GHz center frequency, the proposed SRO achieves better
sensitivity at data rate of 3.3Mbps with power consumption reduction by more than 40%
compared with conventional SRO. The low complexity and low power consumption
characteristics make super-regenerative receivers (SRR) suitable for short-range wireless
communication. The SRO and its quenching signal design determine the SRR’s sensitivity and
power consumption. To optimize the sensitivity of the SRO, an optimal quenching waveform
(OQW) was proposed by Fernandez-Rodriguez and Sanchez-Sinencio in [1] as shown in Fig 7.1.
This quenching signal places the SRO into 2 regions, namely sensitivity accumulation (SA)
region and super-regenerative (SR) region to optimize the SRO sensitivity (Fig 7.2). According

to [1], the expression of the SRO voltage output can be written as:

Ve (t) = 2koSowqe @0l 8@ar fot I, (£)e@o ] 8@dtgin(w, (t — 1) dt (7.1)

Vdd

Negative Gm

M1 M2

outp ¢ outn

inp inn
- - -
OOK-input OOK-input

Fig 7.1 Conventional SRO architecture with OQW
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where k(,04, w, represents the passive gain, quiescent damping factor, and center frequency of
the SRO respectively. 8(t) is the dynamic damping factor of the entire system and I;,’ (t) is the

first derivative of the input current. The dynamic damping factor is given:

§(t) = L=om® (1.2)

Z(L)()C

where G, represents the SRO static loss, —G,,(t) is the instantaneous value of the negative
transconductance. C is the total capacitance of the LC-tank and G;(t) = G, — G,, (t) represents
the instantaneous transconductance due to the quenching controller. The sensitivity function

extracted from (1) is:

ta
Sensitivity: s(t) = e®@oly 8@ (7.3)

As it is shown in the timing diagram of the OQW based SRO in Fig 7.2, the sensitivity reaches
the maximum value when the SRO biasing current is equal to a critical current I,,;zjcq; (01 the
instantaneous transconductance G;(t) = 0). However, once the oscillation starts to build up in
the SR region, the SRO will not respond to the input signal because the sensitivity rapidly decays
afterwards in the SR region (refer to Fig 7.2). Since the maximum sensitivity of the SRO is
achieved only when the OQW crosses Iy iticq; In the middle of SA region, any change in the
OQW’s slope due to PVT variations in the SA region will cause sensitivity degradation. Based

on the previous observations, the proposed SRO architecture implements a concurrent quenching
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phases (CQP) technique to extend the SA region over the entire quenching period. That will
allow maximum sensitivity accumulation and alleviate the requirement on the slope shape of the

OQW under PVT variations.

7.2 Proposed CQP SRO architecture

The proposed architecture and its timing diagram are shown in Fig 7.3 and Fig 7.4 respectively.
In contrast to conventional SRO architectures, the SA and SR regions in the proposed one are
separately controlled by M5-6 which perform the CQP operation. M5 is controlled by V1 and is
on for the entire quenching period. M6 is controlled by V2 and is on only during the SR region.
When MS5 is on, the SRO is always operating in the vicinity of I, and accumulates
sensitivity during the entire quenching phase. When M6 is on, the SRO performs super-
regeneration and sensitivity accumulation simultaneously, while the conventional SRO
architecture loses sensitivity accumulation during SR region. By doing so, when the transistors
M5-6 are both on, the SRO is in SR region and concurrently regenerates an output based on the

input signal for the entire quenching cycle.
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Fig 7.3 Proposed SRO architecture with CQP
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During the SR region M1-2 and M7-8 act as a complementary —G,, to further enhance the SRO

speed and amplitude and therefore reduce its power consumption.

7.3 Simulation Results
The proposed CQP SRO is implemented in 180nm CMOS technology and tested within a SRR

of a center frequency 2.4GHz at 3.3Mbps data rate. Fig 7.5 shows the operating principle of the
proposed SRO with CQP technique. The simulation shows that CQP extends the SA region
during the control voltage V1, while V2 is only used to generate fast start-up oscillation. Fig 7.6
shows the conventional OQW SRO under the same quenching voltage step. The conventional
SRO fails to oscillate under same power consumption due to the shortened SA region. In contrast,
the proposed CQP SRO architecture in Fig 7.5 allows the SRO to respond to the input during
entire quenching cycle and therefore to naturally offers better sensitivity under the same power
consumption. Fig 7.7 shows how the conventional OQW suffers under PVT variations which
dramatically reduce the sensitivity of the SRO. That is indicated from the oscillation at the SRO
output with the absence of input signal. Fig 7.8 shows how the proposed architecture has a
reduced dependency on the exact slope of the OQW under PVT variations. As it is shown in the
simulation results, PVT variations does not degrade the sensitivity accumulation of the SRO
because the SA region has been extended over the entire quenching cycle which results in
immunity to PVT variations. A summary of the comparison results with other state-of-art SRO is

included in Table 1.
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Table I: State-of-Art SRO performance comparison

**2] **[3] **[4] *This work
Technology 65nm 40nm 180nm 180nm
Frequency 2.4GHz 900MHz 3.5GHz 2.4GHz
Data rate 1Mbps 4Mbps 10Mbps 3.3Mbps
SRO Power | 78 uW 120 uW 4.8mW 100 uW

*Simulation results **Measured results

7.4 Conclusion
This chapter proposed a new SRO architecture with CQP quenching technique. Sensitivity

accumulation region has been enlarged through the entire quenching cycle which improves the
SRO sensitivity and reduces the power consumption by more than 40% compared with OQW
SRO architecture implemented using the same CMOS technology. In addition, immunity to PVT

variations has also been improved due to the SA region extension.
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Chapter 8 Discussion

In this thesis, different SR receiver architectures under low frequency and high frequency design

environment are introduced and compared.

Proposed concurrent quenching phase (CQP) technique is targeted for sensitivity enhancement
under the same data rate as optimum quenching techniques (OQW) to improve the SRR system
performance and to alleviate the SRO PVT variations. Optimum quenching controller
implemented to generate OQW and that to achieve the maximum sensitivity to allow the SRR
operates in high data rate and improve circuits robustness and hence improve the BER. Gm-
boosted SROs bring benefit of improving receiver sensitivity and reduction of power
consumption. since the SRO is a special kind of circuits which switches its transconductance
periodically from positive to negative, its oscillation is extremely sensitive to the PVT variations
which proves the necessity of Gm-boosting in the design of SRO and calibration loops in the

SRR design.

A high speed and high conversion gain ED is proposed in the both designs to enhance the
envelope detection and achieves much better performance and reduction of power consumption
than conventional ED design. AGC and FLL has been proposed to achieve robust circuits design

and allow SRO reliably to detect any incoming data streams.

As mentioned before, it is worth to study more the effect of PVT variations on SR receivers and
to fabricate some components and perform experimental testing to the chip. Moreover, 2.4GHz
SRO design for wireless body area networks (WBANS), it also requires a more robust and faster

FLL or PLL to allow the receiver switch from channel to channel.
Future Work

The future work will be fabricating the chip for both underwater and WBANS applications to test

their performance.
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