creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Ph. D. Thesis
HpAL S}9] e

Ultra-low Power Receivers Based on Injection
Locked Oscillators

Soonyoung Hong (& & 4 @tk & )

Department of

Information and Communication Engineering

DGIST

2021



Ph. D. Thesis
HpAL 89) 3=

Ultra-low Power Receiver Based on Injection
Locked Oscillators

Soonyoung Hong (& & & ¥t % )

Department of

Information and Communication Engineering

DGIST

2021



Ultra-low Power Receiver Based on Injection
Locked Oscillators

Advisor: Professor Junghyup Lee
Co-advisor: Professor Minkyu Je

by

Soonyoung Hong
Department of Information and Communication Engineering

DGIST

A thesis submitted to the faculty of DGIST in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the Department of In-
formation and Communication Engineering. The study was conducted in ac-
cordance with Code of Research Ethics!

11. 06. 2020

Approved by
Professor Junghyup Lee (signature)
(Advisor)
Professor Minkyu Je (signature)

(Co-Advisor)

! Declaration of Ethical Conduct in Research: 1, as a graduate student of DGIST, hereby declare that I have not committed
any acts that may damage the credibility of my research. These include, but are not limited to: falsification, thesis written by
someone else, distortion of research findings or plagiarism. I affirm that my thesis contains honest conclusions based on my
own careful research under the guidance of my thesis advisor.



Ultra-low Power Receiver Based on Injection
Locked Oscillators

Soonyoung Hong

Accepted in partial fulfillment of the requirements for the degree of Doctor of

Philosophy.

11. 06. 2020

Head of Committee

Committee Member

Committee Member

Committee Member

Committee Member

Prof. Minkyu Je
Prof. Junghyup Lee
Prof. Jaceun Jang
Prof. Jiwoong Choi

Prof. Jaeyoun Hwang

(signature)
(signature)
(signature)
(signature)

(signature)



Ph.D/IC % = 9. Soonyoung Hong. Ultra-low Power Receiver Based on an Injection
201532005 Locked Oscillator. Department of Information and Communication Engineering.
2021. 100p. Advisors Prof. Junghyup Lee, Co-Advisors Prof. Minkyu Je

ABSTRACT

This thesis presents an ultra-low-power receiver based on the injection-locked oscillator (ILO),
which is compatible with multiple modulation schemes such as on-off keying (OOK), binary frequency-
shift keying (BFSK), and differential binary phase-shift keying (DBPSK). The receiver has been fabri-
cated in 0.18 pum CMOS technology and operates in the ISM band of 2.4 GHz. A simple envelope detec-
tion can be used even for the demodulation of BFSK and DBPSK signals due to the conversion capability
of the ILO from the frequency and phase to the amplitude. In the proposed receiver, a Q-enhanced single-
ended-to-differential amplifier is employed to provide high-gain amplification as well as narrow band-
pass filtering, which improves the sensitivity and selectivity of the receiver. In addition, a gain-control
loop is formed in the receiver to maintain constant lock range and hence frequency-to-amplitude conver-
sion ratio for the varying power of the BFSK-modulated receiver input signal. The receiver achieves the
sensitivity of —87, —85, and —82 dBm for the OOK, BFSK, and DBPSK signals respectively at the data
rate of 50 kbps and the BER lower than 0.1 % while consuming the power of 324 pW in total

This thesis presents an ultra-low power, low cost demodulator for gaussian frequency shift keying
(GFSK) receivers that use low intermediate frequencies (IF). The demodulator employs a direct IF to dig-
ital data conversion scheme by using an injection-locked ring oscillator (ILRO) with a 1-bit flip-flop. It
consumes 2.7 pW from a 1.0 V supply at a data rate of 500 kbps achieving an energy efficiency of 5.4
pJ/bit which is 30 times better than that of the recently presented works. The demodulator also achieves
17.5 dB SNR at 0.1 % BER while operating at the same date rate. The demodulator is implemented in a

0.18 um standard CMOS process and occupies an active area of 0.012 mm?.

Keywords: Ultra-low power, injection-locked oscillator, injection-locking receiver, multi-modulation,
frequency-to-amplitude conversion, phase-to-amplitude conversion, wireless sensor node, internet of
things, single-ended-to-differential conversion, Q enhancement, envelope detection, Demodulator,
GFSK, low power, low-IF, CMOS.
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I. INTRODUCTION

1.1 Motivation

I Micro controller I erelegs
Transceiver

| Power \
Management I AEE |

| Memory |

Energy
Source | Sensors |

Figure 1.1 Conceptual block diagram of wireless sensor node for IoT.

As a variety of services and applications based on the internet of things (IoT) have been
widely developed, the demands on ultra-low power (ULP) wireless techniques for data
transmission and reception have grown rapidly. The capability of performing wireless
communication with little power consumption is a key factor enabling the operation of
ubiquitous sensor nodes (USN) for IoT [1]. As the complexity and scale of the [oT system
increases and the number of sensor nodes in the network becomes large, connecting the
sensor nodes to the power lines makes the installation of the system prohibitively expen-
sive if not impossible. It is therefore preferred to power the sensor nodes by batteries. In
such battery-powered sensor nodes, low power consumption is an essential requirement

considering that the power consumption of the sensor node determines the replacement or



recharging frequency of the battery and directly affects the maintenance cost of the IoT
system.

Furthermore, to realize the vision of the hyper-connected world filled with trillions of
sensor nodes, researchers are working toward the energy-autonomous operation of the
wireless sensor nodes, which are powered by the energy harvested from their ambience.
In this scenario, the average power consumption of the overall sensor node must be lower
than the average rate of energy harvesting. It poses extreme limitations on the power
budget of the wireless sensor node, even if the duty-cycled operation scheme is employed
to cut down the amount of the power dissipated on average. Since the wireless transceiver
is the most power-hungry block in the typical wireless sensor node as shown in Fig. 1.1,
reducing the power consumed for wireless communication is critical.

On the other hand, the choice of modulation scheme has a significant impact on the trans-
ceiver design in various aspects such as power consumption, complexity, performance,
and reliability. For short-range low-power communication, the transceivers based on on-
off keying (OOK) have been widely implemented. The OOK modulation scheme allows
achieving very low power consumption because of the simple circuit architecture used for
the transceiver design. For example, the demodulation function of the receiver can be im-
plemented by using an envelope detector without requiring any high-power-consuming
circuit components such as oscillators, mixers, and frequency synthesizers [2]-[4]. How-
ever, the OOK receiver based on such a simple structure has low sensitivity and high sus-
ceptibility to the interferers compared to the receivers employing other modulation
schemes such as frequency-shift keying (FSK) and phase-shift keying (PSK). To over-

come the limited sensitivity performance, a high-gain amplifier and an expensive external



filter are required to precede the envelope detector [2]. The FSK modulation with a con-
stant envelope, on the other hand, enables the use of an energy-efficient nonlinear power
amplifier in the transmitter. However, the receiver requires the precise local oscillator and
quadrature signal paths, which results in a complex receiver structure consuming relatively
high power.

Hence, it is essential to investigate ULP wireless receiver used in wireless sensor node
for IoT while overcoming the limitation of the receiver performance according to modu-
lation schemes. In this thesis, the ULP wireless receiver which can support multiple mod-
ulation schemes and ultra-low power Gaussian FSK (GFSK) demodulator based on a sig-

nal conversion scheme of an injection locking technic are proposed and demonstrated.



1.2 Design Consideration of Receiver for Internet of Things

Generally, the requirements of receiver depend on the application of interest. In wireless
sensor node for IoT applications, battery life, capacity, communication distance and com-
patibility should be key considerations as well. For the realization of wireless sensor nodes
used in [oT, the implementation of receivers used in each sensor node should optimize the
following four characteristics.

B Low Power Consumption: The Power consumption determines the size of the
battery installed or integrated and the lifetime of the sensor node. Mechanisms
to reduce power consumption improve the lifetime of the wireless sensor node

B High Sensitivity: The sensitivity of receiver in sensor node is related to the
power consumption of transmitter and communication distance.

B  High Channel Selectivity: The higher channel selectivity of the receiver can
form many channels between numerous sensor node within the assigned fre-
quency band.

B High Compatibility with Wireless Standards: The use of wireless standards can
improve compatibility between wireless sensor node and other wireless devices.

A wireless transceiver is the most power-hungry block in the sensor node as mentioned
above. If the power consumption of the components consist of the transceiver is mini-
mized, the sensor node used for IoT can extend the lifetime or reduce the size of the bat-
tery. Therefore, in order to improve the lifetime of the sensor node used for IoT, the low
power design should be the top priority.

Secondly, if the sensitivity of receiver in the sensor node is improved, the transmission
power of the transmitter can be reduced. Thereby, the transmitter consumes relatively low

power. That results in an extended communication range consuming same power.



In the receivers used in loT application, each sensor node forms a network and communi-
cates with each other. So, a high channel selectivity is required for multi-channel opera-
tion.

In order to use the existing well-defined communication network, a communication be-
tween wireless devices and sensor node is possible by using a suitable wireless standard.
For example, Currently, wireless communication standards such as Bluetooth using FSK,
Zig-bee using PSK, and RFID using ASK are typical.

The injection locked oscillator (ILO) in the proposed receiver in this thesis allows to use
of a simple envelope detection circuit which can reduce total power consumption of re-
ceiver. Also, the Q-enhanced single-ended-to-differential amplifier (SDA) is employed to
provide high sensitivity and high selectivity. Furthermore, the proposed receiver is suita-
ble for a variety of modulation schemes such as OOK, FSK, PSK by using signal conver-

sion characteristic of ILO.



1.3 Conventional Architecture
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Figure 1.2 Tuned-RF receiver (a) block diagram (b) operation.

Recently, to overcome the limitations of the conventional receivers, a variety of new
receiver structures for ultra-low power (ULP) consumption have been introduced. How-
ever, most of the developed receivers have several drawbacks to use in the IoT network
mentioned above. Most of the recent low-power receivers employ an envelope detection
architecture with OOK modulation because of its simplicity which leads to the best power
efficiency.

The tuned-RF architecture which has a very simple structure is shown in Fig. 1.2 (a). The
received input signal should be amplified before applying envelope detector (ED) to im-
prove the sensitivity of the receiver. Achieving such amplification at minimal power con-

sumption has been the main design target of the recently proposed architectures. However,
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Figure 1.3 Low-IF receiver.

the front-end amplifier in the tuned RF architecture [2] consumes significantly larger
power due to operating in the high frequency. Therefore, there is a limitation to achieve
the high sensitivity in the given power budget. Additionally, to achieve the high selectiv-
ity, an external, discrete High-Q SAW filter is required. Such filters occupy a very large
size and hence they increase the size and cost of the receiver.

Another conventional architecture is Low-IF. Fig. 1.3 shows the low-IF receiver struc-
ture, where the receive path itself operates as a part of the frequency-locked loop (FLL)
for LO generation [5]. The Low-IF receiver architecture is resilient to DC offset and 1/f
noise in comparison with a Zero-IF receiver architecture. Since the mixers in the receive
path perform frequency down-conversion for not only receiver function but also FLL op-
eration, the high-precision LO signal can be generated without using a power-hungry fre-
quency divider. However, the structural complexity is high due to the FLL and quadrature

demodulation circuits.
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Figure 1.4 Super-regenerative receiver (a) block diagram (b) operation.

The super-regenerative receiver is not commonly used as super- heterodyne or direct
conversion receiver architecture due to the low selectivity. Recently, however, due to its
simple structure and low power consumption, the super-regenerative receiver is used in
local area communication. Fig. 1.4(a) shows the receiver structure of the super-regenera-
tive receiver for OOK modulation [6]. The output of the receiver is determined using a

quenching signal and RF signal input to the super-regenerative oscillator (SRO).
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Figure 1.5 Uncertain-IF receiver (a)block diagram (b)operation.
The operation of super-regenerative receiver is shown in Fig. 1.4(b). In accordance with
the low frequency quenching signal, the super-regenerative oscillator is operated in an
oscillating mode (quenching signal is high) or damping mode (quenching signal is low).
When the RF signal with large amplitude is applied through the antenna and quenching
signal is high, the output amplitude of the oscillator will very rapidly reach a steady state.
Then, the output of ED goes high level. On the contrary, if the RF signal amplitude is low
and quenching signal is high, the output amplitude of the oscillator cannot reaches a steady
state. As a result, there is no change in the output of ED. Even though the RF signal with
in the vicinity of free running frequency is applied to the SRO, the SRO makes steady state

output signal. Therefore, the selectivity of this receiver is poor.
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Fig. 1.5 shows the structure of the uncertain-IF receivers [7]. In this structure, a low- power
free-running ring oscillator is used to generate the local oscillator (LO) signal for down-
conversion. Due to the inherent uncertainty of the LO signal frequency, the IF frequency
is not clearly determined, and the selectivity performance of the receiver is therefore low.

Fig. 1.6 shows the receiver structure based on the injection-locked oscillator [8], [9]. The
ILO plays an essential role of converting the frequency-modulated signal to the amplitude-
modulated signal, which enables the energy-efficient implementation of the FSK receiver.
The amplitude-modulated signal generated by the ILO is down-converted by the envelope
detector as in the conventional low-power OOK receiver. This structure, however, faces
significant challenges in that the amplitude of the signal injected to the ILO should be
sufficiently large for guaranteeing proper injection-locking operation and kept relatively
constant for maintaining consistent frequency-to-amplitude conversion ratio.

The receiver characteristics of the five recently published structure are summarized in
Table 1.1 The tuned-RF and the uncertain-IF architecture has high selectivity due to the
external High-Q filter. Even the Low-IF architecture has high complexity and low sensi-

tivity, it reduces power consumption significantly using RX-path in a frequency

10



Tablel.1 Comparison of characteristics of receiver architecture

Tuned-RF | Low-IF | Uncertain-IF | o gsegggﬁv . g‘:ﬁgg
Power Low Low Low Low High
Sensitivity Low High Low Low Low
Selectivity High Low High Low Low
Simplicity Simple Complex Simple Simple Simple
Modulation OOK OOK OOK OOK FSK

locked loop circuit. The uncertain-IF receiver architecture is possible to reduce power con-
sumption because it does not need an accurate, high quality local oscillator.

The super-regenerative receiver can reduce power consumption because of its simplic-
ity. However, the selectivity and sensitivity is low due to the inherent characteristics of
SRO. The injection-locking receiver consume a high-power. Because the high gain is re-
quired in front of ILO for the injection locking. Nevertheless, this receiver has an ad-
vantage that is robust against to the interferer compare with other receivers due to using a

FSK modulation.
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1.4 Proposed Structure

DATA

'DATA

DPSK DATA
DPSK DATA
1 ADC

PEAK
| DETECTOR

Matching =
Network ReceiveriC =

DAC

Figure 1.7 Overall architecture of the proposed wireless receiver system.

The block diagram of the proposed receiver is shown in Fig.1.7. The proposed receiver
consist of the front-end matching network, RF receiver IC, and microcontroller unit
(MCU). The pre-amplifier connected to the antenna through a matching network amplifies
the RF signal. The Pre-AMP amplifies the RF signal with moderate gain and provides
isolation between the matching network and the single-to-differential amplifier (SDA) in-
put. The STD significantly improves the sensitivity of the overall receiver system by using
Q-enhancement. The (J-enhancement technique is applied to the SDA so that high gain
can be achieved over a narrow frequency band. The narrow band filtering effect provide
high selectivity. In addition, the STD converts its single-ended input signal to differential

signal that drives the injection locked LC oscillator.

The output amplitude of the ILO changes depending on modulation scheme such as Fig.
1.8. For the OOK input signal as shown in Fig. 1.8 (a), the ILO simply adds the constant
amount of signal amplitude as explained in Chapter II, and thus the amplitude variations

of the input signal are preserved at the ILO output.

12



ON ON 4 ON ON

OFF
- - OFF

Input (OOK)
Output (OOK)

Time- Time

(a)
f1 fz ff f2 s f1 f,r

fa 7]

Input (BFSK)
Output (BFSK)

Time Time

(b)

Input (DPSK)
Output (DPSK)

Time Time

(©)

Figure 1.8 Input and output waveform of (a)OOK (b)BFSK (c)DPSK.

The BFSK signal as shown in Fig. 1.8 (b), ILO output has a large amplitude when the
frequency of the injection signal (@) is close to the free-running frequency of the ILO
(av), while the output amplitude becomes small when a» is far from ap as shown in Fig.
1.8 (b). In DPSK scheme such as Fig. 1.8 (¢), the output amplitude is fluctuated such when

the phase of injection current is shifted 180°.
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Table 1.2 Target Specification of Proposed Receiver System

Item Design goal Unit
Operating Frequency 2.4 GHz ISM band -
Modulation FSK(or OOK, PSK) -
Data Rate >10 Kb/s
Sensitivity < -85 dBm
power consumption <350 uWw

Hence, The ILO not only translates the OOK/BFSK/DBPSK signal to the amplitude-
modulated signal but also improves the receiver sensitivity because the weak RF signal

injected to the ILO generates the oscillator output signal having a relatively large swing.

The ILO output is down converted to a baseband signal by the envelope detector. The
baseband signal is further amplified by a BB AMP. The BB AMP output is compared with

a threshold of comparator and it generate the final data output.

The lock range of the ILO changes due to the varying magnitude of the injection signal,
the frequency-to-amplitude conversion ratio doesn’t stay constant. To keep constant lock
range of ILO, input signal amplitude should be kept constant. So Peak detector capture
output amplitude of BB AMP and amplitude information send to ADC of external MCU
and DAC Block control the gain of STD. The target specification of proposed receiver

system are summarized in Table 1.2.
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1.5 Overview of this Thesis

This thesis demonstrates a multi-mode ultra-low power receiver based on an ILO which
achieves the high sensitivity and channel selectivity. These properties are provided by
modulation conversion property of ILO, the Q-enhancement of SDA and auto gain control
loop. In this thesis, a GFSK demodulator is also demonstrated using ILO. The frequency
to phase conversion process of ILO is possible to use simple structure and to operate with
ultra-low power. In chapter 1, the brief introduction of thesis is described. The preceding
chapter provide the properties of conventional architectures and the overall architecture of
the multi-mode ultra-low power receiver based on an ILO.

Chapter II focuses on the operating principle of ILO with LC and Ring type. Moreover,
the detail of signal conversion process in the lock state of ILO is explained.

Chapter III introduces a multi-mode ultra-low power receiver based on an ILO which
exploits the properties of ILO. This chapter include the detail of a low-power receiver
design based on ILO, which can support multiple modulation schemes: OOK, binary FSK
(BFSK), and differential binary PSK (DBPSK). A Q-enhanced SDA is employed to pro-
vide high gain and generate the injection signal with sufficient strength. Moreover, the
consistency of the receiver performance is greatly improved by controlling the amplitude
of the injection signal in a closed-loop manner.

The GFSK demodulator for low-IF receivers presented in in Chapter IV. This chapter
presents the detail of the proposed demodulator architecture employing an ILO. Due to
the frequency to phase conversion property, The proposed demodulator is able to use sim-
ple structure which consist of limiter, pulse slicer, ILO and D-flip flop. The simulation
and chip measurement results of proposed demodulator explained this chapter. Then, the

conclusion and further studies introduced in Chapter V.
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II. INJENTION LOCKED OSCILLATOR

When two systems with independent output frequencies are in close contact, the interac-
tion between two systems can change the operating frequency of the two systems. Using
two frequencies that are very close, but slightly different, the mutual influence can cause
the two systems output one specific frequency. This phenomenon is called injection lock-
ing. However, the deviation between the two output frequencies is too large, injection
pulling which the output signals pull each other in the frequency domain can occur. In this
case, the output of the two systems varies in time domain. The frequency range for injec-
tion locking is defined as the lock range, and the two output signals are out of this range,
injection pulling occurs.

Injection pulling is always considered an undesirable phenomenon because the output
frequency of system changes over time. On the other hand, injection locking can be very
useful in some applications. For example, there is a very low-noise signal with a well-
defined output frequency, the stable oscillator output is obtained through inject locking by
using this signal.

In this chapter, through a mathematical approach, the basic operation principle of the ILO
according to the oscillator structure is presented. Mathematical equations are applied to
the injection locking and pulling have been made and based on a study of Adler [10],
Razavi [11]. Subsection 2.2 describes the conversion process between the injection signal

and the output signal of the oscillator in the injection locking state.
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2.1 Operating Principle

2.1.1 Injection Locked LC Oscillator

Iztankl A

Figure 2.1 (a) Conceptual diagram of ILO, and (b) freuquency response of LC tank.

When the Injection signal has similar frequency to the oscillation frequency (resonance
frequency of the LC Tank) is injected into oscillator, the output signal is synchronized to
Injection signal. Hence, the frequency of output signal becomes same frequency with in-
jection signal. The operation of injection-locked LC oscillator is described in Fig. 2.1. Fig.
2.1 (a) shows the conceptual diagram of the injection-locked LC oscillator. In the injec-
tion-locked LC oscillator, for the oscillation to sustain, the total phase shift of the loop
(¢H) must be a multiple of 2 and magnitude of loop gain (|H|) must be larger than 1, as
to meet the Barkhausen criteria [11]. In Fig. 2.1 (a), |H| and £H can be described as

follow:
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(©) (d)

Figure 2.2 Phasor diagrams of ILO currents when the ILO (a) runs freely, (b) experiences

locking transition, (c) is locked, and (d) operates at the edge of its lock range.

[H(s = jwo)| = gmR = 1 2.1)

2H(s = jwy) = 360° (2.2)
At aw, the Zunx contributes no phase shift, as illustrated in Fig. 2.1 (b), while the inverting
buffer and M; create a total phase shift of 360°. The oscillation frequency is defined by

[12],

1

Wqg = \/ﬁ (23)

In the free-running condition, the magnitude and phase of /..« are the same as those of
Lose, as shown in Fig. 2.2 (a).
Now assume that the injection current /;;; having the frequency of iy is applied to the

ILO. Since the Ik should be the vector sum of /osc and Iiy, the relationship among Zosc,
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Figure 2.3 Phase diagrams of the different currents (a) Arbitrary ¢y (b) ¢,max.

Linj, and Irank can be described by the phasor diagram as in Fig. 2.2 (b). Before locking, the
phasors, lose, 1inj, and Liuni rotates clockwise with different angular velocities, @ose, @i, and
Orank, respectively. Hence, the angle @between o, and 1, as well as the angle ¢ between
Lose and Lk, varies over time. After this transition process, if i, is not too small and @i,
is not too far from an to achieve injection-locking, the angle between the I, and ik
becomes @, as shown in Fig. 2.2 (c), and this phase difference is compensated by the
phase shift of Zu, as described in Fig. 2.1 (b). It makes the total phase shift around the
feedback loop become 360°, and thus the ILO locked to the injection signal. Once injec-
tion-locked, the phasors losc, linj, and link rotate with the same angular velocity of @i,
keeping ¢ and & constant at ¢y and &, respectively [11].

As the frequency of injection signal (@i,;) deviates farther from the self-resonance fre-
quency of the ILO (an), the phase shift introduced by Ziuux () grows, as found in Fig. 2.1
(b), and the angle between /losc and lwnk, which is depicted in Fig. 2.2 (¢), becomes larger.
If @iy keeps departing from an and finally reaches the edge of the lock range @i, the angle

between the /,sc and liani reaches a maximum and will thus limit the lock range. For find
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out the phase relation of each component, we have to derive equation about ¢y and 6.

Mathematical representation of the ¢ can be derived using the law of sin, cos in Fig. 2.3

(a):
. B . B
singy = and sinf = — (2.4)
Itank inj
. Iini . Iin;Sin @ 1-cos?6
singy = —Lsinf = =/ = |z - (2.5)
Ttank \/Igsc+1i2nj+2105c1inj cos @ 9%€+1+2:2%€cos0
Iinj inj

For find out ¢ max, we can use differentiation.

1
I3sc losc 2 (I3sc Iosc 2 losc
2—+1+2'TCOSG 2—+1+2'T(5059 ‘(=2co )—(1—COS 6)- 2'1—

dsingo _ 1 | linj inj  \inj inj inj (2.6)
dcos8 2 1-cos26 12 Tosc z )
%+1+2'TCOSG
inj inj

To find the maximum, this derivative has to be zero. The first term in above equation does

not vanish so possible solutions have to be found in the second term.
2psclinjcos?0 + 2(13 + 1%,;)cosO + 2lp5cli; = 0 (2.7)

The two possible roots of this equation are

Soluitionl: cosf = — -2 (2.8)
Soluition2: cosf = —% (2.9)
inj

The second solution (2.9), however, results in sing, = 1 which means the tank should
provide a phase shift of 90°. An RLC tank can only provide this shift for w—o so the
second solution (2.9) does not correspond to a real situation. The only solution (2.8) is

thus

, Iinj Iinj
Sin Gomax = ﬁ for cosf = —Iﬂ (2.10)

osc
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The phase angle between liyj and losc is 90° + ¢ may. If Linj decreases, Iose must form a

greater angle as to maintain the phase difference between liuux and Iose. Thus, minimum
injection level for locking is

Iinj 2 Iosc * SN $omax (2.11)

To compute the value of corresponding to this case, we first note that the phase shift of

the tank in the vicinity of resonance frequency. The transfer function of an RLC tank is

given by
. _ jwL .
Z(jw) = —(1—w2Lc)+% (2.12)
The phase characteristic thus equals
CN = (OLY 1wl [ _m —1 [0l (8
2Z(jw) = tan (0) tan tan [R (wg_wz)] (2.13)

w2\ T 2
{1-23)
This expression can be re-written using the following property of inverse trigonometric

functions

g— tan lx = tan"1(x)7?! (2.14)

The nominator of the argument can be approximated via
Wi —w = o — [wo + (@ — wp)]?
= —2(w — wo)wg — (w — wy)?
~ 2wo(wy — w) (2.15)

The approximate expression for the tangent of the phase eventually becomes

2
tan ¢y = w_?,(‘”o — Winj) (2.16)

From Fig. 2.3 (b), tan ¢y = Ilﬁ s ignk = /Igsc - Il-znj. The lock range is
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wolinj 1

w, = (wg — wipj) = = —x
L ( 0 ln]) 2Q Ipsc 12 .
1=

B

Where, Q means Quality factor of LC-tank. We denote this maximum difference by w,

(2.17)

with the understanding that the overall lock range is in fact @, around ay. The lock range
is proportional to the strength of injection current /;;; but inversely propotional to the Q-
factor of LC tank. Hence, in the design of injection locked LC oscillator, to use High-Q
LC tank decrease not only required current for free-runnnig, but also lock range. Note that

v 1s a function of Q, an, |losc|, and |linj|. Since the values of Q, an, and |losc| are given

by design, these values experience only a little change during operation, which is caused
by the variations in the supply voltage and ambient temperature. In contrast, |/inj| can vary
significantly and results in large variations of @i, as the amplitude of the received input

signal changes. The lock range @ increases as the injection signal /inj becomes stronger.

2.1.2 Injection Locked Ring Oscillator

In this section, we discuss the detailed operation of the injection locked ring oscillator
(ILRO), and in particular, the transient response of the injection locking process depending
on whether the injection signal is higher or lower than the free-running frequency of the
VCO. Primarily, the ILRO comprises a chain of interconnected delay cells as shown in
Fig. 2.4 (a). Fig. 2.4 (a) shows a simplified linear model of the ring oscillator, which we
have utilized for our mathematical analysis. The NMOS switch with the input Viy pulls
down V;p to GND when Vi is high. Given that Viyyy and Vingp are complimentary to

each other, V;y remains floating as the Ve switch gets turned off. However, since V;p
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Figure 2.4 N-stage injection locked ring oscillator (a) frequency response of the delay

cell (b) and a phase diagram for injection locking (c).

and Vjyare interconnected by a latch, V;y is pulled high. The overall effect of the nodes
Vipand V;y being pulled down and up is that the phase-delay contribution of the individual
delay stages changes in response to the relative frequency of the injection signal to that of
the free-running frequency, taking the ILRO to be locked to a frequency equivalent as that
of the injection signal. To explain this, we consider the phase response of an individual
delay stage when the ILRO is free-running and also when it is injection locked.

A delay cell in the N-stage ILRO can be modeled as a single pole amplifier, whose am-

plitude response rolls off at -20 dB/dec after the dominant pole and the phase difference
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between the input and output reaches —z/2 radians at frequencies significantly higher the
dominant pole as shown by the frequency response in Fig. 2.4 (b). In the ILRO, for the
oscillation to sustain, the total phase shift of the loop must be a multiple of 2w so as to
meet the Barkhausen criteria [12]. To meet this, an ILRO having even number of stages,
has to cross couple the inputs to one of the stages from the previous stage’s outputs. In this
implementation 4th delay-cell inputs are cross coupled to 3rd delay-cell outputs. In the
absence of an injection signal, each non-cross-coupled delay cells of the ILRO adds a
phase of (z+n/N), while the cross coupled delay cell adds a phase of 7/N making sure that
the Barkhausen criteria is met. Note, that this phase delay responses are valid only for
ILROs with even number of stages. A given delay-cell introduces an intrinsic phase rever-
sal equivalent to m radians to its input signal. In addition, a variable component equal to
7/N that depends on the number of delay stages is also added. Note that the cross-coupled
stage does not add the intrinsic phase reversal to its input. Since the intrinsic phase reversal
of the delay remains constant irrespective of whether the injection signal is present, it can
be omitted from the rest of the analysis and is not included in the frequency response
shown in Fig. 2.4 (a). The effect of injection locking is that the variable phase-delay of
each of the delay cells changes in response to the injection signal to move the ILRO fre-
quency to a locked state. It can be shown that once the ILRO is locked to the injection
frequencies of fy + Af (f; and f>), the phase shift of the delay cell changes to z/N + 6. The

overall phase-shift can be expressed as:

(N-Dr+N(S-8)+¢=2mn,  for fu;<fo
(2.18)
(N-Dr+N(S+8)—¢=2mn,  for fi;>fo

where, 6 represents the amount of phase shift caused by the change in oscillation frequency

as shown by the frequency response of the delay cell (Fig. 2.4 (a)), and ¢ represents the
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additional amount of phase shift generated by first delay cell due to the signal injection.
The factor (N-1)x is the sum of the intrinsic phase-shift introduced by all the delay cells
in the ILRO and remains a constant. However, when injection locking occurs at a different
frequency from the free-running frequency, for satisfying (2.18), the value of +N6 must
be canceled by +¢ so that the overall phase shift of the oscillator loop becomes 2mz (m=1,
2 ...) to maintain oscillation at the input injection frequency. As shown in Fig. 2.4 (b),
therefore, the phase shift of delay cell Dy, £, and the phase shift of other delay cells, &,

when fivs is less than fj, can be described as follows:

(2.19)
{=2—-0+¢ =——0+NO

Similarly, the phase shift of delay cell D1, y, and the phase shift of other delay cells, v,

when fivy is greater than fy, can be described as follows:

T
lp_;-l_er
(2.20)
;T T
Y =E+9—¢=N+8—N9

For find out value of 6, we consider the schematic of ILRO as shown in Fig. 2.4 (a). Let’s
assume that the model comprises equivalent output resistance (R) and load capacitance
(C) for each delay cell stage. The linear model yields a first-order transfer function for

each stage expressed as:

H(f) = 1;1 2.21)
fo

Where, 4 is the gain of single stage delay cell, and fj can be calculated by

1
fo= Py (2.22)

The ILRO can oscillate at fosc since each stage should contribute z/N phase shift.
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~1fosc _ T
tan™ 2 = (2.23)

fo = ooy fose (2.24)

where, fosc 1s the free-running frequency of the ring oscillator. Consequently, open-loop

transfer function for each stage of ring oscillator is:

-4
1+j tan(%)(ﬁ)

In the free-running state, f'is equals to f,sc in equation. The phase shift of the one stage in

H(f) = (2.25)

the ring oscillator is z/N. But in injection locking state, f,sc moves to fi,; = foscxAf. The

phase shift of the one stage in the ring oscillator can be represented as:

i - 7\ (Linj
tan (; + 9) = tan (N) (fosc) (2.26)
Hence, 6 according to the oscillation frequency in the lock state can be expressed as [13]:

0= |t§an_1 [tan (%) f}—';”] — %| (2.27)

As a result, the phase shift of delay cell is changed from z/N according to the injection

signal frequency.
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2.2 Conversion Process of Injection Locked Oscillator

2.2.1 Conversion of OOK Signal

IOSC
—

I tank,b

(@) (b)
Figure 2.5 Phasor diagrams of ILO currents for the OOK-modulated injection signal when:

(a) 1y 1s on and (b) /£y 1s off.

Fig. 2.5 shows how the amplitude variations of the OOK-modulated input signal are pre-
served at the ILO output. When /i, is on to present the data bit of ‘1°, the /;;; is added to
the Iosc to produce liunk, and hence the amplitude of Ziank (= |lank,q|) becomes larger than that

of Lose:

2
|Itank,a| = \/llosclz + |Iinj| + leosclllinjl cos b, (2.28)
On the other hand, if /i is off to present the data bit of ‘0, the amplitude of Ziunk (= |Liank,5|)

becomes the same as that of Ios.:

[Feanies | = oscl (2.29)
Multiplied by Ziank, the Lunk generates the amplitude-modulated V. signal.

In conclusion, the OOK input signal is also processed by the ILO to generate the ampli-
tude-modulated signal at the output, as in the cases of BFSK and DBPSK input signal.
Based on this conversion process of the ILO, an energy-efficient receiver IC can be con-
structed. The implementation details of the receiver circuits are described in the next sec-

tion.
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2.2.2 Conversion of BFSK Signal

¢a Iosc Qa\z O ¢b IOSC eb- B
————— e e Iinj \ 7\’inj
I tank,a I tank,b
(a) (b)

Figure 2.6 Phasor diagrams of injection locked LC oscillator currents for the FSK-

modulated injection signal when: (a) winj = @ = apand (b) @imj= v = 0 + Aw.

Assume that the injection frequency @, representing the data bit of ‘1’ is set close to the
self-resonance frequency an and hence €, = 0 as depicted in Fig. 2.6 (a). Then, from (1),

the |/iank.q| can be approximated as

leantal = Vosel? + ingl? + 2Woscllin] €058 = lloocl + ] (230)

The output voltage amplitude of the ILO corresponding to ‘1’ (= |Vousd|) is produced by

the multiplication of |linkq| and | Ziani( @a)| (= |Ziani( @0))). Since |[lankq| and | Ziank( @a)| are close

to the maximum possible values of |l and |Ziani| respectively, Voura presents nearly the
largest output swing.

On the other hand, if the injection frequency a» = @ + Aw used to indicate the data bit of

‘0’ is set far from an but within the lock range, as shown in Fig. 2.6 (b), the |lunis| 1S given

by

2
|Itank,b| = \/llosclz + |Iinj| + 2|Iosc||1inj| Cos Hb (2-31)
The output voltage amplitude of the ILO corresponding to ‘0’ (= |Vouss|) is derived by

multiplying |Lianks| With | Zian( @w)| (< | Ziani( ev)|). Since |[Lanks| and |Zzani( aw)| are smaller than
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(Lianka| and |Ziani( @a)| respectively, |Vou,s| 1s also smaller than |Vousq|. How large amplitude
difference between Vouro and Vouss 1s obtained for the frequency deviation of Aw = |o» — @yl
determines the frequency-to-amplitude conversion ratio.

Note that once the injection frequency @y for the data bit of ‘0’ is determined, the corre-
sponding phase shift ¢ is fixed as described in Fig. 2.1 (b). It can be found in Fig. 2.6 (b)
that, for the same ¢, if |/ij| increases, 6 decreases, and hence cos 6 approaches 1. In other
words, the difference between |lunkq| and |liank,s| becomes smaller, and thus the frequency-
to-amplitude conversion ratio decreases as |/;;| increases. It demonstrates the need for pro-
hibiting any significant variations in the magnitude of /;;; to obtain a consistent demodula-
tion performance over a wide range of received RF signal strength.

To achieve a good sensitivity, the receiver should be designed to operate even with a
very weak RF input signal, which leads to a very small amplitude of /;5;. Since @y is narrow
for small |/;| as predicted by (7), the @, and @» cannot be separated too far from each other.
The ILO-based receiver is therefore designed to generate a distinguishable amplitude
change for such a small frequency difference when |/;;;| is small. However, if a strong RF
signal is received and hence the amplitude of /;,; increases, the @y becomes wide, and the
frequency-to-amplitude conversion ratio reduces significantly, resulting in too small am-
plitude change at the ILO output to be discriminated properly. To avoid this problem, it is

important to control the magnitude of /i, to stay relatively constant.

2.2.3 Conversion of DPSK Signal

The conversion process from the DBPSK-modulated signal to the amplitude-modulated

signal by the ILO is depicted in Fig. 2.7. Since L is the vector sum of Ios and 1, and Vous
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(a) (b)

Figure 2.7 Phasor diagrams of injection locked LC oscillator currents for the PSK-

modulated injection signal when: (a) (a) €, = & and (b) &, = & + .

is the multiplication of ik and Zuux when there is a phase change of 7 in /iy, the amplitude
of Vour changes accordingly [14].
When the ILO is in the injection-locked state, and /;;; forms the angle of &, with respect

to the /s to represent the data bit of “1°, [lunkd| 1S given by

2
|1tank,a| = \/”osclz + |Iinj| + 2|Iosc||1inj| cos b, (2.32)
as described in Fig. 2.7 (a).
If the angle between /;; and o5 changes to 6, = €, + 7 which corresponds to the data bit

of ‘0’, the ILO is perturbed from its injection-locked state and the magnitude of J;anx expe-

riences an instantaneous change to |/ank|, which is expressed as

|Itank,b| = \/llosclz + |Ii‘rlj|2 + 2|Iosc||1injlcos(9a + ﬂ)

= \/Ilosclz + |Iinj|2 + zllosc”Iinj'COSQa (2.33)

After this transient change, as the frequency of the injection signal does not change, the
ILO returns to the injection-locked state, as shown in Fig. 2.7 (a) and the magnitude of Zun«
settles back to |[linkq|- In other words, the output amplitude of ILO fluctuates when the

phase of the injection signal changes abruptly.
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As a result, the output amplitude of ILO fluctuates when the phase of the injection signal
changes abruptly, and this amplitude variation can be captured by the following ED circuit,
obviating the need for power-hungry circuit blocks such as the frequency synthesizer and
mixer. Note that the output of the ED behaves like an RZ signal, which requires a conver-

sion to the NRZ signal for input data recovery [14].

2.2.4 Frequency to Phase Conversion

To understand the concept of the injection locking process in the ILRO, we can consider
the transient response of the output nodes of each of the ILRO delay cells. Several possible
scenarios that show the relative alignment of an injection signal to the free-running VCO
clock frequency (fy) and how it modifies the phase-response of the ILRO clock outputs are
shown Fig. 2.8. The illustration only shows the effect of a single injection signal pulse. As
discussed earlier, in the absence of an injection signal, each of the delay cells introduce a
variable phase-delay equivalent to z/N. We assume that the equivalent time-delay corre-
sponding to a phase-delay of 7/N is represented by Atper. The effect of the injection signals
Vine or Vingw are that it pulls down the nodes Viy or Vip to GND when one of them goes
high. If either Vin or Vip are already at the GND level, the injection signal does not alter
that node at all. Thus, the injection signal can affect the ILRO when both V;y and Vinp are
high or when V;p and Vv are high. The relative alignment of the injection signal and the
free-running clock pulse can be summarized into four different scenarios:

B Scenario 1: The injection pulse Vi overlapping the rising edge of the
free-run- ning clock V;n as shown in Fig. 2.8 (a). The overlap interval be-

tween Ve and Viy is denoted as AtiNgr.
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Figure 2.8 Change of 4-stage ILRO output according to injection position rising edge
(a), falling edge (b), high state (c) and low state (d).

B Scenario 2: V;np overlapping the falling edge of the Vv as shown in Fig.
2.8 (b). The overlap interval in this case is denoted as Atmr.
B Scenario 3: Vvp overlapping the high-state of V;y as shown in Fig. 2.8
(c), where the time-interval between the rising edge of V;y and the falling
edge of the injection signal is Atmym.
B Scenario 4: Ve overlapping the low-state of ;v as shown in Fig. 2.8 (d).
When the injection signal Ve overlaps the rising edge of the free-running signal V',
(Fig. 2.8 (a)), the low state of the V;w, is retained for an additional Ativr time. The result

of this is that the Vv pulse is delayed by Ativir. In contrast, when Vivyp overlaps the falling

32



edge of V1w, (Fig. 2.8 (b)), the injection signal pulls down V;y earlier by Atmyr, causing the
Vin to advance by the same time-interval. When Ve overlaps with the high-state of Vi,
(Fig. 2.8 (¢)), the effect on V;n is similar to that of the case shown in Fig. 2.8 (a), where
the rising edge is delayed. However, in this case, the delay time is equivalent to the time-
interval between the rising edge of V;n and the falling edge of the injection signal, Atmym.
Effectively, this scenario operation causes a glitch in the V;y waveform, whose width is
shown as Atp. If At, is lower than the default delay time of the subsequent stages, it will
not affect them as shown in Fig. 2.8 (c). However, if At, is larger, this glitch would mani-
fest in Van, Viy and also Vay. Irrespective of the magnitude of Atp, the fact that the rising
edge would be delayed remains the same. Finally, the Vvp has no effect on V;y when it
overlaps with its low-state as shown in Fig. 2.8 (d). In a practical operating scenario, a
sequence of the above four cases lead the ILRO to be locked to a frequency equal to the
injection signal.

To illustrate the locking mechanism further, the transition process from a free-running
state to a locked state when the injection signal is applied to the middle of high state of
free-running signal (shown in Fig. 2.8 (¢)), is shown in Fig. 2.9. In practice, the relative
alignment of the injection signal could possibly be any one of the scenarios mentioned in
Fig. 2.8. However, this scenario is chosen for illustration as it involves the events shown
in the other cases of Fig. 2.8 as will be discussed later.

The transient operation is discussed for cases when the injection signal frequency is equal
to, lower and higher than the free-running frequency of the ILRO. Fig. 2.9 (a) shows the
transient operation when the frequency of Vvp is equal to the free-running frequency of
the ILRO, Vin. The Vinyp signal resets the node voltage Vv to GND at the instant ti. As the

Vinge goes low, the Vv node rises to a high-state at t, thereby delaying the rising edge of
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the free-running VCO clock. This is the scenario 3 of the locking process. Thereafter, the
Vinge or the Vv signals will not affect the ILRO operation, as they would overlap with
the low-state of the V;y and V;p, which is the scenario 4 of the locking process. Thus,
despite the phase-push introduced by Ve and Vinyn, the ILRO frequency remains the
same. Fig. 2.9 (b) shows the transient operation when the frequency of Viyp is lower than
the free-running frequency the ILRO, V;y. At the instant ti, the Ve goes high, pulling
down the V;yto GND. At to, the Vinvyp goes low, leaving V;y floating. As a result, the rising
edge of Vv is delayed to the instant t, causing a phase-push (scenario 3). In the absence
of the injection signal at Vv, the Vip should have gone to a high-state at the instant t3.
However, as V;p is pulled down by Vivy until, t4 the signal V;p stays low for an extended
period of Az, thereby locking the ILRO to the lower injection frequency (scenario 1). Be-
tween ts and te, the Ve holds Vv down to GND for an additional A¢ (scenario 1). Once a
lock is achieved, the scenario 1 repeats alternatively in V;y and V;p. When the injection
signal frequency is higher than the free running frequency of the ILRO (Fig. 2.9 (¢)), a
phase-push happens and delays the rising edge of the V;y to t2 (scenario 3). Between t> and
t4, Vingv and Vingp go high without influencing the current state of V;, and V;y respectively
as they are already at GND (scenario 4). However, at ta, Vv pulls down Vip to GND,
causing the V;y to rise to a high-state instantaneously (scenario 2). The overall effect of
this is that the period is reduced by 4¢, thereby locking the ILRO to the injection frequency
that is higher than the free-running frequency. Once locked, the scenario 2 repeats alterna-
tively in Vv and Vip.

In summary, the complimentary injection signals Ve and Vv introduces a phase-
push/pull along with the widening or shortening of the ILRO outputs leading it to be locked

with a frequency lower or higher than the nominal ILRO operating frequency.
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Figure 2.10 Phase-relationships with the sampling edge at f;y; < fo (a)and fiy; > fo
(b).

Fig. 2.10 shows the output waveform of each node of N-stage ILRO in the steady state
after injection locking. When the ILRO is locked to an injection signal frequency that was
originally lower its free-running frequency as shown Fig. 2.10 (a), the phase-delay between
the successive edges between Vyy and V;y becomes equal to £’ = /N - 6 + ¢ as shown by
equation (2.19). However, the delay between the successive edges of the other stages such
as between V;y and Van, Vay and Viy and so on remains at = z/N - 6. The output is ob-
tained by sampling one of the ILRO outputs using the injection locking clock. The fixed

relative-
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Table 2.1 Sapling State According to the Phase Difference

Output Stage ﬁN] < fO or ﬁN] > fo
PDx > kx Low
Even
PDx < k= High
PDx > k= High
Odd
PDx < km Low

phase relationship between the injection signal and the locked ILRO outputs enable latch-
ing one of the outputs at the sampling edge such that the output is registered as logic-high
or logic-low. To explain this and to develop a closed form expression, the phase difference
(PD) between the sampling edge of the input signal Vivyp and the successive rising edges
of ILRO delay cell outputs Vv can obtained as follows:
PD, =a+(k—1)-(n+§—9) for  fiy < fo (2.34)
where k denotes the index of the stage from which the output is taken. In (2.34), a denotes
a phase equivalent to a duty-cycle of Tq % 2n / Tiyj. Similar to this, a definite phase-rela-
tionship exists between Ve and Vyy, when the injection signal frequency is higher than
the free-running ILRO frequency as shown in Fig. 2.10 (b). The phase-delay between the
successive edges between Vyy and Vv becomes equal to ¢’ = /N + 6 - ¢ from equation
(2.20). However, the delay between the successive edges of the other stages such as be-
tween Vin and V2, Van and Vsy and so on becomes at y= z/N + 6. In this case, however,
the PD between the sampling edge of the input signal Vingp and the successive rising edges

of ILRO delay cell of outputs Viv can be shown as:
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PO =m+(k—1)-(n+Z+8)  for fu;>fo (2.35)

Using the relationships (2.34) and (2.35), an appropriate ILRO output can be sampled as
the demodulator output as shown in Table 2.1. Due to the injection locking, a well-defined
phase-relationship is established between Vinp and the ILRO outputs Viyv and Vip, where
k refers to the state from which the outputs are taken. As shown in Table I, for an even
stage, (k=2, 4...) if the total phase difference between the sampling edge and the rising
edge of k™ delay cell output is greater than km, the output will be sampled as active low.
On the contrary, if the phase difference is less than kmn, the output will be sampled as active
high. If the outputs are taken from the odd numbered stages (k=1, 3...) and the overall
phase difference between the sampling edge and the rising edge of k™ delay cell output is
higher than k=, the output will be sampled as active high. If the phase difference is lower
than km, the output will be sampled as active low.

Finally, as observed from (2.34) and (2.35), the sampled output state in the cases when
fimvs 1s greater or lower than fy depends on the duty-cycle of injection signal. As shown in
Table I and using N=4 and k=2 (values used by this design as discussed later), the DFF
samples the low-state when the duty-cycle is over 38 % and the high-state when the duty-
cycle is less than 38 % when fin; is lower than fy. However, when finy is higher than fo, the
DFF is always sampled as a logic-low as shown by (2.35) and Table 2.1. Therefore, in this

thesis, a duty-cycle of 25 % is used so as to provide a margin of 13 % from the maximum
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2.3 Summary

The operation principle of the injection locked LC oscillator and ring oscillator investi-
gated in this chapter. An injection locked LC oscillator can translates the signal modulated
with various modulation schemes such as OOK, BFSK, and DBPSK into a simple ampli-
tude-modulated signal in the lock range. Using these characteristics of injection locked
oscillator, an energy-efficient injection locked LC oscillator based receiver supporting
multi-mode can be implemented. Because, injection locked LC oscillator allows to use
simple envelope detection circuit for frequency down-conversion and signal demodula-
tion. The implementation details of the receiver circuits are described in the next chapter.

Furthermore, an injection locked ring oscillator can convert frequency to phase differ-
ence. Using this property, simple and ultra-low power FSK demodulator can be imple-

mented. The details of the demodulator circuits are described in chapter I'V.
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I1I. Multi-Mode Receiver Based on an Injection

Locked LC Oscillator

3.1 Overall Receiver Architecture
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Figure 3.1 Overall architecture of the proposed wireless receiver system.

Fig. 3.1 is the block diagram showing the overall architecture of the proposed wireless
receiver system, consisting of the front-end matching network, RF receiver IC, and micro-
controller unit (MCU). In the RF receiver IC, the ILO converts the received
OOK/BFSK/DBPSK signal to the amplitude-modulated signal. Based on such ILO oper-
ation, an energy-efficient wireless receiver can be realized by employing an envelope de-
tector (ED) for RF-to-baseband frequency down-conversion and demodulation. The exter-
nal MCU generates a gain control signal for the SDA based on the output amplitude of the
baseband amplifier (BB AMP), which is measured by the peak detector. Through this

closed-loop control, the magnitude of the RF signal injected to the ILO can be kept fairly
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constant, and hence a significant change in the frequency-to-amplitude conversion ratio of
the ILO can be prohibited when the BFSK signal is received.

The RF signal received by the antenna is fed to the preamplifier (Pre-AMP) through the
matching network. The Pre-AMP amplifies the RF signal with moderate gain and provides
isolation between the matching network and the SDA input to relieve the requirement of
input-impedance matching for the SDA.

The SDA converts the single-ended input signal into an amplified differential signal driv-
ing the ILO. The Q-enhancement technique is applied to the SDA so that high gain can be
achieved over a narrow frequency band. The high gain property allows obtaining the in-
jection signal with an amplitude larger than the minimum required for locking the ILO
even when the received RF signal is very weak, thereby enhancing the sensitivity of the
receiver. Since the O-enhanced SDA acts as a band-pass filter having a narrow passband,
the selectivity of the receiver is also improved.

The differential output of the SDA 1is injected to the ILO, where the OOK/BFSK/DBPSK
signal is converted into the amplitude-modulated signal. For the OOK signal, the ILO
simply adds the constant amount of signal amplitude as explained in Section III, and thus
the amplitude variations of the input signal are preserved at the ILO output. In the case of
the BFSK signal, the ILO output has a large amplitude when the frequency of the injection
signal (i) 1s close to the free-running frequency of the ILO (av), while the output ampli-
tude becomes small when @i, 1s far from an. For the DBPSK signal, the output amplitude
of ILO fluctuates when the phase of the injection signal changes abruptly. The ILO not
only translates the OOK/BFSK/DBPSK signal to the amplitude-modulated signal but also
improves the receiver sensitivity because the weak RF signal injected to the ILO generates

the oscillator output signal having a relatively large swing.
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The ILO output at RF is then converted down to the baseband by the ED. The baseband
signal is further amplified by the BB AMP, and the BB AMP output is processed by the
comparator to produce the final output data. Note that the output data for the DBPSK signal
exhibits a return-to-zero (RZ) signal characteristic, as explained in Chapter II, from which
the input data can be recovered by converting the RZ data to the non-return-to-zero (NRZ)
data.

For reliable BFSK signal reception and demodulation, the frequency-to-amplitude con-
version ratio of the ILO should not vary excessively. However, if the lock range of the ILO
changes due to the varying magnitude of the injection signal, the frequency-to-amplitude
conversion ratio doesn’t stay constant, as explained in Section III. In this work, the strength
of the ILO injection signal is regulated in a closed-loop manner, so that the ILO can pro-
vide a consistent frequency-to-amplitude conversion ratio. The peak detector in the re-
ceiver IC measures the amplitude of the BB AMP output, and this amplitude information
is sent to the external MCU. Then, the digital-to-analog converter (DAC) embedded in the
MCU generates the control signal to adjust the gain of the SDA, thus maintaining the

strength of the ILO injection signal relatively constant.
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3.2 Details of the Blocks

We have examined the structure of the conventional receivers and the advantages and
disadvantages of each structure in chapter I. In this chapter, circuits and operation principle

of each block in the proposed receiver is described.

3.2.1 Pre-amplifier

A cascode pre-amplifier as shown in Fig. 3.2 (a) is typically used in ultra-low power
receivers. The inductive load in Fig. 3.2 (a) can operate at lower supply voltages compared
to structures with conventional resistive loads because the inductive load has a much lower
DC voltage drop than the resistor. Furthermore, L, is able to operate at much higher fre-
quencies than the resistive load by resonating with the total capacitance at the output node.
Moreover, In the cascade structure, the change in the source of the cascode device M is
much smaller even though the output node voltage varies by AV[15]. This effect is called
the shielding effect of the cascode element. The shielding characteristic of the cascade has
an advantage of providing a stable matching characteristic by reducing the change of the
input impedance according to the variation of the output impedance. Therefore, in the pro-
posed receiver, the pre-amplifier used a cascode structure due to block the effect of the
input impedance variation of SDA.

The schematic for calculating the input impedance of cascade amplifier is shown in Fig.
3.2 (b). Note that the gate-drain capacitance and source-bulk capacitance at the cascode

common source is ignored. Since the gate-source voltage I,/Cygs is formed through the
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Figure 3.2 The pre-amplifier of the proposed wireless receiver (a) schematic (b) input

impedance of cascode amplifier.

current I, flowing through the C

gs» the drain current becomes g, 1, /Cyss. Since these

two currents flow in L4, the voltage is generated as follows.

v, = (IX + gm”‘) Lys (3.1)

Cgss

Since V, = Vs +V,,, We have
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Vx o 1y 4 Snle (3.2)

Ix Cgs1S Cgs1

Therefore, Cgs and L1 can be selected so that third term which is frequency independent
is 50 Q. In fact, the inductor L; can be implemented with the inductance of wire bonding.
Bonding wire must be inevitably used for connection of PAD to PCB. The effect of the
bonding wire should also be considered in the circuit design. If the source pad is connected
directly to the package or ground plane of the PCB using down bonding, it has a bonding
inductance of about 0.5 to 1 nH.

The pre-amplifier of the receiver NF (Noise Figure) is added to the total NF of the re-
ceiver. Noise of the cascode element can be excluded from the NF calculation of the cas-
code structure [12]. Therefore, NF of the cascode structure can be calculated using Fig.
3.3. The noise of M; is represented by I,,;. The output current I,,, can be calculated as
follows:

Tout = gmV1 + Ina (3.3)

Since the voltage across L, equals to Lls(lout + Vngss), applying KVL to the input
loop

Vin = (Rg + Lgs)V1Cyss + Vi + Lys(Lpyr + V3 Cyss) (3.4)
Substituting V; from (3.3)

(L1+Lg)Cgss®+1+RsCyss

Vin = loutLys + (Iout - Inl) (3.5)

Im

The input circuit resonates at frequency wy. (L1 + Lg)Cgss2 —1=0 at s = jw since

(Ly + Ly)Cys = wy?. Therefore,

—In1 (3-6)

szCgst) szCgst
m Im

Vin = lout (lewO +
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Fig. 3.3 Equivalent circuit of common-source stage for NF calculation.

The coefficient of I,,; represents the trans-conductance gain of the circuit including Rj.

In other words,

1

RsC
wo(Ly+—-2%)
gm

lout —
Vin

(3.7)

Now, we need to satisfy gm,L;/Cys = Rg in (3.2) for input matching. Since g, /Cys

wr,

_owr 1

lout — il
2(1)0 RS

Vin

(3.8)

Under input matching conditions, the trans-conductance of the circuit is not related to

Ly, Ly and gp,. If Vi, is set to 0 in (3.6), the output noise by Mi can be calculated by

RSCgs

| outl,, = |1n1|m (3.9)
When, gp,Li/Css = Rs,
nouel,, =22 (3.10)
Therefore,
MM = kTYgm (3.11)

46



Magnitude (dB)

Divide the

Voo M, 20/0.18 um

10/0.18
J= c, L, M, um
c, 1.39 pF
o
Vot L, 33 nH
—[ . C; 100 pF
L, G R 200 kQ
T
Vin —| M
in— I: ! C; 100 fF
c R3S “—H— L, 9.6 nH
C;
i = c, 190 fF

Figure 3.4. Proposed pre-amplifier.
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Figure 3.5 Simulation Result of pre-amplifier.

output noise by the circuit's trans-conductance and 4kTRs and add 1 to the

result, which is the noise figure of the cascade amplifier [3].

This result

quency. Now, the voltage gain of the cascode structure can be calculated. Assuming that

NF =1+ gpRsy (3—;)2

is valid only when input matching is performed at the input resonance fre-
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the output impedance of the cascode structure is much larger than R, the voltage gain of
this structure can be expressed as the product of the trans-conductance of (3.8) and the load
resistance R;:

Vour _ @r Ry _ Ry (3.13)

Vin  2woRs  2Liw,
Where R; represents the internal equivalent parallel resistance of the inductor. The design
target of the pre-amplifier used in this study is shown in table 2. Based on the analysis of
the cascode stage, the pre-amplifier is designed as shown in Fig 3.4 and each parameter of
circuit are shown in table 3.
Fig. 3.5 shows the simulation results of the pre-amplifier. Impedance matching charac-
teristics less than 10dB from 2.4 to 2.47 GHz. Also, Fig. 3.5 shows that the voltage gain is

26dB and the NF is 3.1dB. The power consumption is 57 uW.

3.2.2 Single to Differential Amplifier

Differential structure has the advantage of removing common mode noise efficiently than
single-ended structure. Compared to single-ended injection, differential injection also
greatly reduces the minimum amplitude for Injection locking in LC oscillator. Also, it is
not enough to amplify the amplitude of signal for locking by one pre-amplifier. Therefore,
a block that amplifies the input signal and converts it to a differential signal is required.
The next stage of Pre-Amplifier is to place a STD to perform these functions. In this study,
STD amplifier was designed using Q-enhancement technology and parallel oscillation cir-
cuit structure for high gain and signal conversion.

First, consider the equivalent circuit of a LC oscillator with negative resistance as shown

in Fig. 3.6 to understand the operation of Q-enhancement. To find the voltage across the
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Figure. 3.6 Conceptual schematic of an LC oscillator with LC tank and negative con-

ductance.

LC tank, we must first write the second order differential equation that describes the par-

allel RLC network given by

Asin(wt) = Cdv"

f dt+V, (3.14)
Where, G =R, 14+ (=gm), L is the tank inductance, C is the tank capacitance, and

Asin(wt) is the input excitation current. Assuming an underdamped system and solving

for V,, the resulting voltage across the LC tank is given by [16]

Asin(wt)

V, = e (A cos(wgyt) + Aysin(wyt)) + —— (3.15)
0 1 a 2 a ,—GZ+(wC—ﬁ)2
Where,

1

a=i1 (3.16)

wq =+ wE — a? (3.17)
1

Wy \/T_C (318)

A, = V,(0%) (3.19)

A = %V0(0+)+O£A1 3.0

2= (3.20)

Where, R, = 1/G. The term proportional to the exponential function in (3.15) describes
the circuit’s natural response while the term proportional to the input describes the re-

sponse to an input signal. The oscillator operates in two different modes: [—gn,| <R,
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and |—gm| = R,. When |—gp,| is larger than Ry, the oscillator is in amplifier mode and
the amount of energy put into the circuit by the active devices is not enough to overcome
the losses in the tank and oscillations will not build up. Under this amplifier mode condi-
tion, the natural response portion of the equation is negligible since previous oscillations
were eliminated. This leaves the second term which describes the tank voltage resulting
from the input signal.

When |—g,,| becomes greater than R,, resultingin a becoming negative. Now, the ex-
ponential term in (3.15) becomes dominant, and the circuit quickly builds oscillations. Un-
der this condition, the response from the input becomes negligible compared with the ex-

ponential term. To simplify the analysis, the voltage on the tank is at its peak. Then

A

Ay = JR2+(wC—1/wL)? (3.21)
2

4y =2 (3.22)

Above analysis gives two equations for the two different modes of operation in oscillator.

First, when the oscillator is in amplifier mode, Vo amp 1s calculated as
Asin(wt)

Vo,amp = > "
R +((1)C—E)

and when the oscillator build up the free-running output, the output amplitude is repre-

(3.23)

sented as
Voosc = e [A;cos(wyt) + Azsin(wgt)] (3.24)
Where, A; and A, are given in (3.21) and (3.22), respectively. Another important pa-

rameter is the LC tank Q. The Q of the LC tank is described by [17]

=

1
energy stored 1 EC(IpR)Z ]

Q = wo (3.25)

average power dissipated ~ VJIC %IIZJR

ﬁlb‘l
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Figure 3.7 Tank Q for varying negative trans-conductance and a fixed R,.

Where, R means sum of negative resistance —1/g,, and R, in the oscillator circuit. A
high-Q factor results in a very narrow bandwidth in the LC Tank, which improves the
receiver selectivity while also providing a higher voltage gain to the incoming signal when
the oscillator is in amplifier mode. Fig. 3.7 illustrates the effect on tank Q from sweeping
the —g,, value in the circuit shown in Fig. 3.6. When the magnitude of —g,, is very
small compared with R,,, the resulting Q of the oscillator is determined by R,. As the
magnitude of —g,, is increased, the Q also increases, approaching infinity, as the magni-
tude of —g,, approaches 1/R,.Finally, as the magnitude of —g,, continues to increase
beyond Ry, the Q decreases approaching zero for very large values of |—gy,|. The regions
to the left and right of 10° in Fig. 3.7 correspond to the amplifier mode and oscillation
mode, respectively. Based on this characteristic, it is possible to implement a Q-enhanced
amplifier with high gain and narrow bandwidth by operating the parallel resonant circuit

as an amplifier and setting its |—g,,|value close to 1/Rp [18], [19].
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(b)

Figure 3.8 Oscillator structure (a)parallel oscillation circuit (b)small-signal equiva-

lent circuit of parallel oscillator.

The core circuit of the proposed O-enhanced SDA is based on the aforementioned parallel
resonant circuit structure and its simplified schematic diagram is shown in Fig. 9(a). This
circuit oscillates when the voltage at the drain node is 180° out of phase with respect to the
voltage at the gate node, and the negative conductance generated by the MOS transistor is
larger than 1/R;. If we set the negative conductance value to be slightly smaller than 1/R;
and take the differential outputs from the gate and drain nodes, this circuit operates as a Q-
enhanced SDA. The input signal is applied to the drain node in the form of current.

To investigate the operation of the circuit shown in Fig. 3.8 (a), the feedback loop of this
circuit can be cut at the gate node of the MOS transistor to analyze the loop gain charac-
teristic. By using the small-signal equivalent circuit given in Fig. 3.8 (b), the loop gain can

be calculated as
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Figure 3.9 Transfer function (a)Phase vs. frequency characteristic of the voltage

division factor and (b)magnitude vs. frequency characteristic of the loop gain and.

14 R-Z
H(s) = V—CZ = —0m R+th ‘K (3.26)

where Z; ¢ is the total equivalent impedance of the circuit network composed of L1, Ci1, and

(>, and K is the voltage division factor caused by the series-connected L and C». K is

expressed as

1

_ JjwC _ 1
K=—22 = (3.27)
joc, Tl 1—
@R

Where, w2 means I/L;C>. Here, Note that K introduces a phase inversion at the frequen-

cies higher than ar, as depicted in Fig. 3.9 (a). When it is lower than this frequency, phase

inversion disappears. Z, is given by
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Figure 3.10 Schematic diagram of the SDA.

L ( L +ij1)

z,=BEjea (3.28)
ij1+(ja)C2+]wL1)
Therefore, the voltage across capacitor C, is as follows.
Ve 1
=== 3.29
Vin gm jw(C1+Cz)'(1—sz1C1||C2)+%(1—w2L1C2) ( )

For the oscillation, the imaginary part of the denominator in (3.29) must be zero, if this

circuit oscillates, the oscillation frequency is given by

1

2
®o = Lic4lIC, (3.30)
At the oscillation frequency, the magnitude of the loop gain is calculated as
14 R c
52 o g = |gmRy - 2 (3.31)
in LC1lIC, 2

which needs to be greater than 1 for the oscillation to occur. The magnitude of the loop
gain shows the frequency characteristic, as presented in Fig. 3.9 (b). From (3.29) and

(3.30), we can find that @y is higher than @i, Therefore, the feedback network causes a

phase shift of 180° at an, which is added to the phase inversion generated by the MOS
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Figure 3.11 Gain of SDA.

transistor, leading to a total phase shift of 360° along the loop. If the transconductance
value is controlled in such a way that the magnitude of the loop gain stays slightly lower
than 1, the circuit can be operated as a O-enhanced amplifier. Moreover, if the output volt-
ages are taken from the gate and drain nodes of the MOS transistor while the input current
is applied to the drain terminal, the circuit can also be used to convert the single-ended
input to the differential output. The complete circuit diagram of the proposed Q-enhanced
SDA is shown in Fig. 11. M3 converts the input voltage Vi, to the corresponding input
current, which is fed to the drain node of M through M>. M> is used as a cascade element
to provide isolation between the input and output terminals. The voltage gain of this O-
enhanced SDA can be controlled by adjusting the gate bias voltage Verrr of M3. The Verre
determines the bias current flowing through M and hence its transconductance, which in
turn affects the O—enhancement factor of the parallel resonant circuit formed by M, L1,

C1, and C». If the inherent Q of the inductor L1 is high, a large gain can be obtained with
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flowing small bias current. In other words, by using a high-Q inductor, the power con-
sumption of the O-enhance SDA can be reduced. In this work, an off- chip inductor com-
ponent having a high Q is used.

The center frequency and amplification gain of the SDA need to be tuned to accommodate
the manufacturing process tolerances. We employ a tuning method similar to the one used
in [15]. For frequency tuning, the Ve is initially controlled to flow large enough bias
current to  oscillate the circuit. In the oscillation mode, the center frequency is tuned to
the target value by controlling the capacitor banks C1 and C>. Once the frequency tuning
is completed, the Vcrre is adjusted again to enter the amplification mode and tune the am-
plification gain to the wanted value.

Fig. 3.11 shows the simulation result of combined gain of pre-amp and SDA. The voltage
gain can be controlled by adjusting Vcrre of STD. the 32 dB peak gain of SDA is obtained
and the combined gain control range is 0 ~ 52dB. The power consumption of STD is 22uW.
The high voltage gain and low power consumption are obtained by using the High-Q off-

chip inductor.

3.2.3 Injection Locked LC oscillator

Fig. 12 presents the schematic diagram of the injection locked LC oscillator used in our
design. In this paper, the complementary structure is applied to the injection locked LC

oscillator. For oscillation, the total negative resistance must becomes

S+ +—<0 (3.32)
Ra  Rp Ry

Where, Ry means equivalent resistance in Inductor. By using a cross-coupled pair that

makes negative resistance on the top and bottom, negative resistance R, = —2/gm, by
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Figure 3.12 Schematic diagram of the ILO.

M; and M> and Ry, = —2/gmn by M3 and M, cancel the equivalent resistance of the in-
ductor.
(Gmn + gmp)Rr 2 1 (3.33)

Hence, the proposed injection locked LC oscillator can be operated with low power con-
sumption compare with typical differential structure.

The injection locked LC oscillator consists of a current injection circuit (Ms-10) and an
oscillator core circuit (M1-s, L1, and C1). In this topology, the complementary cross-con-
nected MOS transistor pairs (12 for the PMOS pair and M3 4 for the NMOS pair) provide
negative resistance. The current injection circuit plays a role of converting the differential

injection voltage to the differential injection current that is fed to the oscillator core circuit.
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Figure 3.13 Simulation results: (a) OOK mode (b) BFSK mode (c) DPSK mode.

In the oscillator core, a capacitor bank is employed so that the free-running frequency of
the injection locked LC oscillator can be tuned to the desired value.

Fig. 3.13 shows the injection locked LC oscillator simulation results. The free-running
frequency of the injection locked LC oscillator is set to 2.404 GHz and the 2 MHz lock
range is obtained when the amplitude of the input signal is 1.2mV. The power consumption
of injection locked LC oscillator is 130uW. Fig. 3.13(b) presents the output waveform of

the ILO when the OOK-modulated input signal is applied to the receiver. As explained in
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Section III-D, the amplitude variations of the OOK-modulated input signal are preserved
at the ILO output, and thus the amplitude of the ILO output signal varies according to the
input baseband data.

When the input frequency is equal to the free-running frequency, the peak amplitude of
output voltage is 43mV as shown in Fig 3.13 (a) and when the input frequency is in the
edge of the lock range (2.406 GHz), the output voltage is 20mV. As a result, it can be
confirmed that frequency to amplitude conversion occurs.

In the case of DPSK as shown in Fig. 3.13 (c), digital data is expressed phase variation.
The input signal undergoes 180° phase change, the ILO is perturbed from its injection-
locked state, resulting in the instantaneous change of the ILO output amplitude. After the
transient amplitude fluctuation, the ILO turns back to the injection-locked state, and its

original output amplitude is recovered.

3.2.4 Fully Differential Envelope Detector

The schematic diagram of the fully differential ED is shown in Fig. 3.14 [20]. The non-
linear I-V characteristics of the NMOS transistor M34 and the PMOS transistors M > are
used to down-convert the RF signal at the input to the baseband signal at the output. The
common-gate topology is used, i.e., the input is applied to the source nodes of the transis-
tors, and the output is taken from the drain nodes of the transistors. The low-pass filters,
formed by C34 and R»3 are placed to filter out high-frequency components produced by
the nonlinear transfer function of the transistors. At the input nodes, the AC-coupling ca-

pacitors Ci» are employed to construct the high-pass filters when combined with the
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Figure 3.14 Schematic of the proposed fully differential ED.

input resistances of the NMOS and PMOS transistors M1 3 and M 4, respectively. The bi-
asing circuit consists of stacked transistors Ms, Irer, and R1, where M5 comprises the cur-
rent mirrors with M > and M constitutes the current mirrors with M3 4. The core transistors
M\~M, are biased in the weak-inversion region. The amplitude of the differential output

voltage is given by

V.

Iy = Ie™r (3.34)
The 2" order term of the power series expansion of (3.34) represents the small-signal
baseband current

_ Vin VE . _ IQViil
Ign1 =1 |1 — Ve +_2‘l/:g = 7 tena T (3.35)

Applying a single-tone V;,(t) = v;4(t)/2 = (A/2)sin(2rf;,t) at high frequency of
fin = frr >> fLpF, the baseband output current i; and the output voltage v, at the out-

put are given by
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The baseband output current i, is negative, indicating that it flows from the output node

to ground. As a result, a negative voltage drop occurs with respect to the bias point. A



similar analysis can be done for the PMOS transistor. In this case, a positive voltage drop
occurs with respect to the bias point. The resulting differential output voltage amplitude is
then given by

IgRLA?
Vout = Voutp - Voutn - 4V73

(3.37)

The transient simulation results of the envelope detector are shown in Fig. 3.15. The out-
put amplitude of the injection locked LC oscillator was assumed to vary from 47 mV to 20
mV. When the input amplitude varies 47mV to 20mV, the output of the envelope detector
was 36 mV and 4 mV, respectively. Fig. 3.16 shows the conversion gain of the envelope
detector. As the input size increases, the conversion gain increases. When the input signal

exceeds a certain limit, the output is saturated due to the nonlinear characteristic.

3.2.5 Base-band Amplifier

The fully differential op amps, which have a differential input and produce a differential
output. Fully differential op amps are widely used in modern integrated circuits because
they have some advantages over their single-ended counterparts. They provide a larger
output voltage swing and are less susceptible to common-mode noise. In addition, even-
order nonlinearities are not present in the differential output of a balanced circuit. A bal-
anced circuit is symmetric with perfectly matched elements on either side of an axis of
symmetry. A disadvantage of fully differential op amps is that they require two matched
feedback networks and a common-mode feedback circuit to control the common-mode

output voltage.
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Figure 3.17 Schematic of fully differential amplifier

The 2-stage fully differential amplifier used in this paper is shown in Fig 3.17. The first
stage consists of a common-source stage with a diode connection load, and the second
stage consists of a common-source stage with a PMOS load. This amplifier, consisting of
M;; ~ M4, has diode connection load and is used for common-mode feedback. C, is a
device for the pole frequency compensation method using the Miller effect. The open loop
gain of the amplifier can be calculated by
Ay = Gmz3 (7”02,3”7”04,5”131) ) gm6,7(r06,7||r08,9) (3.38)
The circuit diagram for the simulation of OTA is shown in Fig. 3.18 (a). In this circuit,
the voltage gain is determined by the ratio of C; and C>[15]. The simulation results are

shown in Fig.3.18 (b). The voltage gain of 25dB is obtained and operating bandwidth is

from 300Hz to 1.6 MHz.
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Figure 3.18 BB AMP (a)schematic for simulation (b) simulation result.

3.2.6 Fully Differential Comparator

The basic operation of the complementary self-biased differential amplifier (CSDA) is
perhaps most readily understood by following its derivation from well-known conven-
tional CMOS amplifier configurations [21]. Fig. 3.19 (a) illustrates two conventional

CMOS differential amplifiers, each the complement of the other. In the first step of the
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Figure 3.20 Schematic diagram of the fully differential comparator.

derivation, the loads from both amplifiers are deleted, and the input-pair drains of one
amplifier are connected to the input-pair drains of the other. The resulting fully comple-
mentary, but externally biased, configuration is illustrated in Fig. 3.19 (b). However, this
circuit cannot be biased in a stable fashion. In order for the circuit to be biased in a stable
fashion, the currents through devices M;, and M>, must be identical. Any difference in
currents through these two devices would result in extreme shifts in amplifier bias voltages.
Achieving perfect equality of currents in these two devices using external biasing is prac-
tically impossible, so that the configuration of Fig. 3.19 (b) is impractical. A simple mod-
ification to the circuit of Fig. 3.19 (b), however, results in a complete stabilization of the
bias voltages. This modification is illustrated in Fig. 3.19 (¢), in which the two bias-voltage

inputs are disconnected from the external sources and are instead connected to the internal
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Figure 3.21 Simulation result of fully differential comparator.

amplifier node Vp;,s. This self-biasing of the amplifier creates a negative-feedback loop
that stabilizes the bias voltages. Any variations in processing parameters or operating con-
ditions that shift the bias voltages away from their nominal values result in a shift in Vg;4g
that corrects the bias voltages through negative feedback. In the CSDA, devices M3, and
My operate in the linear region. Consequently, the voltages V, and V;, may be set very
close to the supply voltages. Since these two voltages determine the output swing of the
amplifier, the output swing can be very close to the difference between the two supply
rails.

Using this characteristic, CSDA can be applied to the fully differential comparator as
shown in Fig. 3.20. R; is used to extract the common mode voltage, which is used as the
voltage to control the current sources M3 and My, and the common mode voltage becomes
the reference voltage of the comparator. Fig. 3.21 shows the simulation result of fully dif-
ferential comparator. It can be seen that even when the input signal amplitude is 100mV,
the function of the comparator is performed around the reference voltage of 500 mV. In

addition, the amplitude of the output voltage swings from Vss to Vpp.
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3.2.7 Peak Detector

A Voltage

Positive Input

/ Peak / signal

Figure 3.22 Ideal peak detector outputs.

Peak detectors are commonly found in modern communication receivers mainly as a
building block of automatic gain control (AGC) loops. The main function of the peak de-
tectors is to detect the peak value of an input signal. A positive peak detector is to follow
the maximum value of an input signal and a negative peak detector is to trace the minimum
value of the input signal. Fig. 3.22 illustrates ideal peak detector outputs from both peak
detectors.

The peak detectors have two major problems: droop and slew rate. The droop is a slow
discharge from the hold capacitor through the leakage and the path provided by the fol-
lowing stage, and it makes the output peak voltage deviate from the true peak value. It is
better to reduce the droop for accuracy.

The slew rate is about the speed of charging the hold capacitor. It is better to increase
the slew rate for speed. To increase the speed of the peak detector for tracing a fast input
waveform, the value of the hold capacitor should be reduced. However, the smaller capac-
itor will cause the larger droop because it can discharge quickly. Therefore, there is a trade-

off between low droop rate and high slew rate in peak detector design.
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Figure 3.23 Positive peak detector using current mirror.

In designing an AGC loop, this droop rate should be carefully determined to meet the
AGC settling requirement. In addition, parasitic capacitors should be considered to see if
the leakage current can affect the droop rate. A low droop rate peak detector could dis-
charge slowly while the envelope of an input signal keeps decreasing faster below the
previous peak voltage, in which case the V,.q) cannot follow the V;, fast enough. Thus,
we need to reset the peak detector periodically so that it can quickly follow the next input
peak point. A reset mechanism can be implemented with a simple NMOS switch across
the hold capacitor C; which zeros the output instantly.

As shown in Fig. 3. 23, a positive peak detector is constructed with a differential ampli-

fier (M1 ~My) and a current mirror (Ms and Mp). If the Vi, islargerthan V.4, the excess

current is flowing through M5 which is also copied to Ms and charging the hold capacitor
C;. The small current source [, is for discharging. We can control the droop rate of the
peak detector by adjusting the values of capacitance and the current source.

Fig. 3.24 shows design of a peak detector in proposed receiver in which is a differential

version of the positive peak detector using current mirror in Fig. 3.23. Both positive
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and negative differential input signals are fed to two identical positive peak detectors. The
positive peak detector is implemented using differential amplifiers (M;~My), current mir-
rors (M;;~M;4), and a low-pass filtering load (R;, C;, and Ms). If Vi, is larger than Ve,
the excess current flows through M;;, M;> and is copied to M;3, M4, charging the C;, which
holds the peak value. The R; provides a small amount of discharging current, and the Ms
is used for resetting C;. The droop rate of the peak detector can be controlled by adjusting
the values of C; and R.

Fig.3.25 (a) and (b) show the simulation results of peak detector. When the input voltage
peak is changed from 350mV to 650mV to 5S0mV step, the output voltage follows the input

peaks.
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3.3 Experimental Results
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Figure 3.26 Chip micrograph of the fabricated receiver IC.

The proposed ILO-based OOK/BFSK/DBPSK receiver has been fabricated with 0.18-um
CMOS process technology, and the chip micrograph is shown in Fig. 3.26. The total chip
area, including the bonding pads, is 1.7 mm x 1.9 mm. The receiver is implemented using
three inductors. Two of them are the on-chip inductors used for the Pre-AMP and ILO, and
the other is the off-chip inductor with high Q used for the SDA.

The input impedance matching characteristic of the receiver is shown in Fig. 3.27 (a),
while the combined gain of the Pre-AMP and SDA is plotted in Fig. 3.27 (b) as a function
of frequency. The magnitude of S11 is lower than —10 dB over the frequency range from 2.36
GHz to 2.49 GHz, which covers the ISM band. The Pre-AMP and Q-enhanced SDA pro-
vides a high voltage gain up to 43 dB with narrow bandwidth, which improves the sensitivity
as well as the selectivity of the proposed receiver.

Fig. 3.28 shows the measured output waveforms of the ILO generated for the RF input

signals with different modulation schemes. The baseband data of the input signal with a data
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Figure 3.27 (a) Impedance matching characterisitc of the recever (b)Combined gain of

the Pre-AMP and Q-enhanced SDA.

rate of 50 kb/s is shown in Fig. 3.28 (a). Based on this baseband data, —-90-dBm RF input
signals are generated with OOK, BFSK, and DBPSK modulation schemes. Fig. 3.28 (b)
presents the output waveform of the ILO when the OOK-modulated input signal is applied
to the receiver. As explained in Section III-D, the amplitude variations of the OOK-modu-
lated input signal are preserved at the ILO output, and thus the amplitude of the ILO output
signal varies according to the input baseband data. Fig. 3.28 (c) shows the output waveform
of the ILO when the receiver input is the BFSK signal modulated between 2.404 GHz and

2406 GHz with the frequency deviation of 2 MHz. The frequency-to-amplitude
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Figure 3.28 (a) Baseband data of the receiver input and the corresponding ILO output
waveforms for the receiver input modulated by (b) OOK, (¢) BFSK, and (d) DBPSK
schemes.
conversion characteristic of the ILO generates the variations in the amplitude of the ILO
output signal corresponding to the input baseband data. The ILO output waveform for the
DBPSK-modulated input signal is shown in Fig. 3.28 (d). When the phase of the input signal
changes, the ILO is perturbed from its injection-locked state, resulting in the instantaneous
change of the ILO output amplitude. After the transient amplitude fluctuation, the ILO turns
back to the injection-locked state, and its original output amplitude is recovered. It is found
that the ILO output waveform presents an RZ signal characteristic as explained in Section
II-C, and therefore the input baseband data can be recovered by converting the RZ signal to
the NRZ data. From the results shown in Fig. 3.28, it is verified that the
OOK/BFSK/DBPSK-modulated input signal can be converted to the amplitude-modulated
output signal by the ILO operation, which enables the energy-efficient ED-based receiver
structure.
As illustrated in Fig. 3.1, the ILO output is fed to the ED to generate the baseband signal

capturing the variations in the amplitude envelope of the ILO output, and the ED output is
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Figure 3.29 Demodulated output data of the receiver.

amplified by the BB AMP. The amplified baseband signal is processed by the comparator
to produce the output bit stream.

Note that the output of the ED is AC-coupled to the input of the BB AMP. When the
receiver input signal is OOK- or BFSK-modulated, the comparator output can directly be
used as the demodulated output data. In the case of the DBPSK-modulated input signal, the
comparator output needs to go through the conversion process from the RZ data to the NRZ
data to produce the demodulated output. Fig. 3.29 presents the demodulated output of the
receiver, which is consistent with the input baseband data shown in Fig. 3.28 (a). This result
verifies that the proposed receiver can process the modulated RF input signal properly to
generate the correct and accurate output data.

When the RF input signal is BFSK-modulated, as shown in Fig. 3.1 and discussed in
Chapter 11, the peak detector is used to regulate the strength of the ILO injection signal so
that the frequency-to-amplitude conversion performance of the ILO can be maintained reli-
ably. The peak detector provides the amplitude information of the baseband signal to the

MCU through the analog-to-digital converter (ADC) interface of the MCU, and the MCU
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Figure 3.30 SDA gain control characteristic as a function of the receiver input power.

generates an appropriate DC voltage (Vcerrr in Fig. 11) through its DAC output to control
the SDA gain, forming the closed regulation loop. In the proposed receiver, the amplitude
of the ILO injection signal is kept constant at 45 dBm to obtain the lock range of about 2
MHz consistently, leading to an optimal frequency-to-amplitude conversion ratio. As shown
in Fig. 3.30, when the receiver input power changes from —90 dBm to —45 dBm, the peak
detector generates the corresponding output voltage varying from 440 mV to 560 mV, and
this information is processed by the external MCU to control the SDA gain from 45 dB to 0
dB. As a result, the ILO injection strength is regulated to —45 dBm for the wide range of the
receiver input power.

Fig. 3.31 shows the ILO output waveform for different levels of the receiver input power
when the closed-loop SDA gain control function is disabled, and the combined gain of the
Pre-AMP and SDA is fixed at 25 dB. As shown in Fig. 3.31 (a), if the RF input signal is
FSK-modulated with the frequency deviation of 2 MHz and its power level is —70 dBm, the
ILO output exhibits a sufficiently large amplitude variation of 8 mV. However, as the power

of the input signal increases, the frequency-to-amplitude conversion ratio degrades greatly,
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Figure 3.31 ILO output waveforms measured for the BFSK-modulated receiver input
signal with different power levels: (a) =70 dBm, (b) —66 dBm, and (c) —64 dBm, when
the SDA gain control loop is disabled.
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Figure 3.32 BER performance of the proposed receiver measured with the data rate of 50

kb/s as a function of the input power.

as shown in Fig. 3.31 (b) and (c). This result demonstrates the importance of regulating the
power of the ILO injection signal through the closed-loop gain control.

Fig. 3.32 plots the bit-error-rate (BER) test results performed at the data rate of 50 kb/s
with varying the receiver input power.

It is found that the proposed receiver achieves the sensitivity of —87, —85, and —82 dBm
when the input is modulated with OOK, BFSK, and DBPSK schemes respectively for the
data rate of 50 kb/s and BER of 107. The signal-to-interference ratio (SIR) performance
measured for the interferer near the 2.4-GHz ISM band is presented in Fig. 3.33. For this
SIR measurement, the data rate is set to 50 kb/s, and the input signal power is adjusted to be
6-dB higher than the sensitivity limit of the receiver. The measurement is repeated for dif-
ferent modulation schemes. The SIR measurement result indicates the power level of the
interferer that the receiver can withstand. Typically, the ILO-based receiver is vulnerable to
the blocker because the ILO can be locked erroneously to the interferer. However, as shown

in Fig. 3.33, the proposed receiver can mitigate this issue significantly by employing the Q-
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Figure 3.33 SIR performance of the proposed receiver measured with the data rate of 50

kb/s and the 6-dB higher input power than the sensitivity limit.

Table 3.1 Power Breakdown of the Receiver

Pre-Amplifier 75 pA
SDA 33 uA
Bufter 80 pA
ILO 130 pA
ED 2 uA
BB AMP 2 uA
Comparator 1 pA
Peak Detector 1 pA

Total Power RYZ T

enhanced SDA with the narrow-band amplification characteristic. The measurement results
verify that the receiver can distinguish the input signal from the accompanying interferer,
exhibiting good selectivity performance. The power breakdown of the receiver is shown in

Table 3.1. The total power consumption is 324 uW when operated with the supply voltage
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Table 3.2 Performance Summary and Comparison with Previous Works

[5] [71 [9] [16] [22] [23] This work
Technology
65 90 180 130 65 40 180
(nm)
S ly Volt-
upply Vo 0.6 0.5 0.7 0.7 0.6 0.65 1
age (V)
i Low | Uncertain | Injection | Envelope o Super Re- Injection
Architecture . . Sliding IF . .
IF IF Locking | Detection generation Locking
Frequency
2400 2000 920 915 2400 900 2400
(MHz)
Modulation OOK OOK BFSK BFSK BFSK OOK OOK/BFSK/DBPSK
Data Rat
aaRale | 1000 | 100 5000 500 25 | 1000 50 50
(kb/s)
Sensitivit
ensttvIty 1 g3 72 73 90 | 102 | -86 87 87
(dBm)
Power con-
sumption 227 52 420 500 466 320 324
(nW)

of 1 V. The most of power is consumed by the Pre-AMP, SDA, buffer, and ILO, while the

consumption by the ED, BB AMP, comparator, and peak detector is nearly negligible. Table

3.2 summarizes the key performances of the proposed receiver and compares them with

those of other recent low-power receivers. The receiver presented in this work exhibits com-

petitive performances when compared with other designs. Especially, the proposed receiver

can operate with multiple modulation schemes and improves the previous injection-locking-

based receiver [9] in that the strength of the injection signal to the ILO is controlled in a

closed-loop manner, guaranteeing consistently good performances over a wide range of the

receiver input power.

81




3.4 Summary

In this chapter, the ultra-low power receiver supporting OOK/BFSK/DPSK multi-modu-
lation is designed that operates in the 2.4GHz ISM band. The amplitude, frequency, phase
to amplitude-modulated signal conversion of the injection-locked LC oscillator to an enables
the implementation of an envelope detector based receiver typically used in low power re-
ceivers.  Through the high voltage gain using the Q-enhancement technic of SDA, the
input signal amplitude that is enough for injection locking is obtained and achieve a high
sensitivity.

The injection locked LC oscillator, a key component of the RF front-end, is designed and
implemented as a complementary negative resistor structure to reduce power consumption.
In the case of the BFSK modulation, the lock range varies according to the strength of the
input signal, and the demodulation performance of the receiver is eventually deteriorate be-
cause the frequency to amplitude conversion ratio cannot be kept constant. In order to pre-
vent performance degradation, an external automatic gain control loop is placed in the re-
ceiver. In the future, the integration level can be increased by designing an internal automatic
gain control loop.

The receiver implemented in this chapter has the disadvantage that it requires a larger
input for injection locking, but the technic to amplify the input signal sufficiently such as Q-
enhancement is applied, the receiver structure based on the injection lock LC oscillator is
suitable for a high-performance low-power receiver compare with conventional receivers

discussed in Chapter I.

8 2



IV. Ultra-low Power GFSK Demodulator Based

on an Injection Locked Ring Oscillator

Gaussian frequency shift keying (GFSK) is a popular modulation scheme for short-
range, multi-channel communication standards such as Bluetooth and WPAN due to its
high sensitivity and superior spectral efficiency [24]. Several GFSK transceivers have been
actively developed in order to implement a physical layer for wireless networks [25]. The
demand for GFSK transceivers having small feature sizes and lower power consumption
has increased in recent Internet-of-Things (IoT) and Medical Implanted Communication
Service (MICS) applications.

Consequently, research efforts have been focused on reducing the feature size as well
as the power consumption of such transceivers [26], [27]. GFSK transmitters can be
power-efficient, as the constant envelope characteristics of the GFSK modulation allow
the use of energy-efficient nonlinear power amplifiers, enabling a low-power operation
without any data distortion caused by spectral regrowth [28]. However, conventionally,
GFSK receivers have a complicated structure and consume larger power.

Secondly, they tend to have a large size, limiting their suitability for such size-con-
strained and low-power applications. To address these problems, the zero-IF and low-IF
architectural flavors that integrate all filter components to a single chip are commonly used
in the GFSK receivers [29]. However, the zero-IF has intrinsic issues caused by flicker
noise and DC offset as well as local oscillator leakage. As a result, the low-IF is a more
preferred option for enhanced signal-to-noise ratio (SNR) performance. Nevertheless, the

low-IF receivers still suffer from relatively low energy efficiency due to
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the high frequency operation needed in detecting two different IF frequencies during the
demodulation process. Therefore, in this paper, we present an ultra-low power, low cost
demodulator for the GFSK receivers with a low IF that can improve the energy efficiency
by more than 30 times than those of the recently presented works [30-33].

Several GFSK demodulators employing techniques such as delay line discrimination
[30], zero-crossing detection [31], phase domain analog-to-digital conversion [32], and
FM discrimination [33] have been reported in prior literature. The delay line discrimination
approach of [30] is complex and consumes large power of about 200 uW as it uses two
voltage-controlled delay loops for its operation. Similarly, the zero-crossing technique
used in [31] also has a limited suitability for low power operation as it uses a Sallen-Key
filter and a differentiator whose power consumptions are 270 pW and 180 uW respectively.
The demodulator based on the phase domain analog-to-digital converter in [32] needs sev-
eral current mirrors and comparators and thus inevitably consumes over 500 pW. The last
structure with the FM discriminator [33] still consumes large power of 170 uW due to the
high sampling frequency of 32 MHz. Thus, the recent demodulators for the GFSK receiv-
ers are less suitable to be employed in low power sensor nodes or in bio-medical applica-

tions. To solve the above-mentioned problems regarding area and power consumption, we
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propose an injection locked ring oscillator (ILRO) based GFSK demodulator. Section 4.1
presents the proposed demodulator architecture employing an ILRO and discusses the de-
tailed circuits of pulse slice and ILRO in the demodulator. Section 4.2 presents the chip

measurement results before summary of Section 4.3.

4.1 Overall Demodulator Architecture

The architecture of GFSK receivers using a low IF scheme is shown in Fig. 4.1. It com-
prises a low noise amplifier, mixers, a local oscillator, a complex filter, IF amplifiers as
well as a demodulator. The RF front-end amplifies and down converts the RF input to the
IF signal. The image components from the IF signal are filtered out by the complex filter,
and the digital data is recovered by the demodulator. Among the various blocks of a GFSK
receiver, the demodulator is one of the components that dissipate significant power and
hence, minimizing it is essential in improving the overall power efficiency [31]. This paper
proposes an ultra-low power, low cost GFSK demodulator using an ILRO towards achiev-
ing this end.

The proposed GFSK demodulator based on an ILRO is shown in Fig. 4.2. The input
signal is down-converted to IF signal (A). The frequency firi represents a data bit ‘1’ while
the frequency fir2 represents a data bit ‘0°. The signal A is passed through a limiter to
obtain B, which has a constant voltage swing. The pulse slicer generates an approximately
25%-width pulse output C that serves as the injection signal to the ILRO from its input B.
The ILRO, once locked, maintains the phase differences between the injection input C and

its output D such that C will always lead or lag D when the modulator input frequencies
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Figure 4.2. Block diagram and timing waveforms of the proposed ILRO based GFSK

demodulator.

are fir1 and fir2 respectively. The demodulator frequency has to be chosen to strike a bal-
ance between power consumption and the transient settling time of the ILRO to get to a
locked state. For this reason, 2 MHz was selected for the design goal of power consumption
under 3 uW and 500 kbps data-rate.

The flip-flop (DFF) serves as a 1-bit time-to-digital converter that samples the ILRO
output D during the rising edge of the injection pulse C. Given the fixed lead/lag relation-
ships between C and D established by the ILRO, the input data can be reliably demodulated
by this approach as D will sample a logic high from the signal C when the input frequency
is fir1 and a logic low when the input frequency is fir2. In comparison to conventional
demodulators, the proposed architecture is simple and digital-intensive while the overall
power consumption is significantly lower than conventional approaches that uses analog

methods.
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4.2 Details of the Blocks

4.1.1 Pulse Slicer
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Figure 4.3 Pulse slicer (a)schematic (b)input and output waveform.

The schematic of the pulse slicer used in the GFSK demodulator is shown in Fig. 4.3
(a). The pulse slicer makes the pulse-width of the ILRO injection signal approximately

equal to the time constant R;Cy, designed such that the pulse slicer output width is ~25 %
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of that of the free-running ILRO output. The output pulse width is tuned to the target value
by controlling the capacitor banks C;. The reason for using the 25% duty-cycle is explained
in Chapter II. The pulse slicer input and a delayed version of the same are passed through
an XOR gate to generate pulses on both the rising and falling edges of the input. Only the
pulse generated on the rising edge of the input goes to the output due to the AND operation.
Fig. 4.3 (b) shows the simulation result of the pulse slicer. The input signal is set 2 MHz,
which is the IF frequency of demodulator. When the C; value is 2 pF, the output pulse

width of 25 % is obtained.

4.1.2 Injection Locked Ring Oscillator

Fig. 4.4 shows the schematic of the differential N-stage ILRO used in the proposed
GFSK demodulator. Note that we use a 4-stage ILRO (N=4) in this implementation. The
injection signals Vv and Vivyp are complementally injected into the first nodes Vin and
Vip by using NMOS switches. The phase-shifted outputs Voury and Vourp are obtained
from the nodes V>y and V2p respectively. The free running frequency of the ILRO is deter-
mined by the delay cell’s PMOS current source bias Vcs as shown in Fig. 4.4. In addition,
a latch circuit formed by cross-coupled inverters are added to the delay cells to minimize
the rise/fall times of the ILRO node signals. The free-running frequency of ILRO is de-
signed to 2 MHz. The ILRO used in the demodulator has 1.4 MHz (1.3 ~ 2.7 MHz) lock
range.

The ILRO is vulnerable to PVT variation due to the open-loop operation. Deviation of
the free-running frequency from the IF frequency of the receiver degrades the BER per-
formance of the demodulator. Such effects can be minimized by using an external refer-

ence clock and a frequency locked loop (FLL) using a replica VCO as shown in Fig.
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Figure 4.5 Change of free-running frequency of ILRO according to PVT (a) before

calibration (b) after calibration
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Figure 4.6 ILRO with frequency locked loop (FLL) using a replica VCO.

4.6 [34]. This implementation, however, does not include an on-line calibration circuit to
mitigate the PVT effects. The free-running frequency of ILRO is tuned to the IF frequency
used in the receiver by adjusting Ves. Fig. 4.5 shows the change of ILRO’s free-running
frequency due to PVT variations and results of calibration. The free-running frequency of
ILRO in proposed demodulator is changed from 1.7 to 2.55 MHz over a temperature and
supply ranges of -20° C to 80° C and 0.85 V to 1.15 V respectively along with three dif-
ferent process corners, as shown in Fig. 4.5 (a). However, by adjusting Vcs, the free oscil-
lation frequency can be moved closer to 2 MHz for various process corners such as FF

(Vop=1.15 V), TT (Vbp=1.0 V), SS (Vbp=0.85 V) as shown in Fig. 4.5 (b).
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4.3 Experimental Results
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Figure 4.7 Chip micrograph of GFSK demodulator.

Table 4.1 Power Breakdown of the Demodulator

Limiter 220 nA
Pulse Slicer 560 nA
ILRO 1.5 pA
Latch 270 nA
DFF 150 nA

Total Power 2.7 pW

Fig. 4.7 shows the chip micrograph of the proposed GFSK demodulator. The demodu-
lator is implemented in a 0.18 um standard CMOS process and occupies an active area of
95 X 120 pm?. The proposed demodulator consumes an average current of 2.7 pA from
a 1.0 V supply. The power breakdown of the receiver is shown in Table 4.1. The most of
power is consumed by the ILRO.

Fig. 4.8 shows the Cadence Spectre simulation results that plot the phase differences

between injection signal and the output signal of each of the delay stages. The free-running
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(b).

92



1.5
;‘ 1+
= 0.5
Z o
> -0.5 4—fmJ—212$ MHz — ‘T fiyg = 1.875 MHz —/—
0. 1.5 2. 3 35
1-5 T T T T T T T T T
> 1+ w o]
z 0.5 -
3 0
0.5 1 1 1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 35 4 4.5 5
. 1.5 T T T T T T T T T
> 1F 1 = e = .
< 05 DATA“ 0 ” DATA“ 1~ \ .
< of
(=]
_05 1 1 1 1 1 1 1 1 1
0.5 1 1.5 2 25 3 3.5 4 4.5 5

Time [ pusec ]

Figure 4.9 Measured GFSK demodulator responses.

frequency of ILRO is designed at 2 MHz and an approximately 25 % duty cycled injection
signal is used. Fig. 4.8 (a) shows the output signal of each node in the injection locked
state with the 1.875 MHz injection signal. From simulation, it can be seen that the phase
shift of the delay cell has a phase shift { is 43.2° and £’ is 50.4°. Thus, the values 6 and ¢
can be evaluated as 1.8° and 7.2° respectively. When ILRO is locked to the 2.125 MHz
signal as shown in Fig. 4.8 (b), the phase shift y is 46.8° and y’ is 39.6°. In this case also,
the values 6 and ¢ can be evaluated as 1.8° and 7.2° respectively as expected from (2.19),
(2.20) and (2.27). In this implementation, the outputs are taken from the second stage delay
cells. When the injection frequency is lower than the free-running frequency, based on the
simulation results, the phase difference of the second delay cell output and the injection
signal is 313.2° from (2.34). In other words, the rising edge of second stage delay cell
output is 46.8° ahead of the sampling edge of Vnsp. Since PD; is lower than 360° (or 2m),
the output is sampled as logic-high. When the injection frequency is higher than free-run-

ning frequency, the phase difference PD> is 406.8° from (2.35). The rising edge of
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Figure 4.10 Measured BER performances of the GFSK demodulator.

second stage delay cell output is 46.8° lag to Vinyp. Since PD; is higher than 360° (or 2m),
the output is sampled as logic-low.

Fig. 4.9 shows the measured input and output waveforms of the ILRO in the proposed
demodulator and the data waveform demodulated through the D-flip flop using and injec-
tion signal of 25 % duty cycle. It can be seen that when the injection frequency is 2.125
MHz, the output is sampled as a logic-low. Similarly, when the injection frequency is 1.875
MHz, the output is sampled as a logic-high. In order to measure the BER performance,
GFSK signal with AWGN (Additive White Gaussian Noise) and frequency deviation of
+125 kHz is applied to the demodulator by using signal generator, SMW200A of ROHDE
& SCHWARZ. As shown in Fig. 4.10, the demodulator achieves an input SNR of 17.5 dB
equivalent to a BER of 0.1 % at a data rate of 500 kbps. At 200 kbps, the SNR improves
to 16.9 dB.

Table 4.2 compares the performance of recently proposed GFSK demodulators with the
proposed architecture. In comparison to [27]-[30] the proposed demodulator consumes

significantly lesser power achieving energy efficiency at least 30 times better. The overall
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Table 4.2 Performance Comparison

[30] [31] [32] [33] This work
Tech [ um ] 0.18 0.18 0.18 0.13 0.18
Supply [ V] 0.5 1.8 1.8 1.2 1.0
Max. Data-rate
1 1 0.25 1 0.5
[ Mbps ]
IF [ MHz ] 3 3 2 1 2
17.5 @ 0.5 kbps
SNR [ dB ] 18.7 16.5 16.7 14.4
16.9 @ 0.2 kbps
Power [ uW ] 200 918 630 170 2.7
Energy Efficienc
&Y Y 200 918 2520 170 5.4
[ pJ/bit ]
Area [ mmz] 0.36 0.08 0.14 0.05 0.012

silicon area is 4 times smaller, thanks to its simple structure arising from the ILRO based
approach. The energy efficiency and the area can be further improved by implementing

the proposed modulator in a more advanced process node due to its digital intensive nature.
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4.4 Summary

In order to design a high performance receiver, the conventional low-IF structure is
widely used, but due to the complexity and high power consumption, it was difficult to
implement a low power receiver.

Not only the power consumption of the RF front end and LO generation of the receiver,
but also the power consumption of the demodulator is one of the challenges to be solved
in the implementation of the low-IF structure. The demodulators of various structures pre-
viously published have high complexity and high power consumption compared with the
proposed demodulator.

In this chapter, the GFSK demodulator for a low-IF receiver is designed and imple-
mented using the frequency phase conversion characteristics of ILRO that described in
Chapter II. Through the pulse slicer of the input stage, the phase lead or lag between the
input and output of ILRO occurs according to the input frequency, and data can be easily
restored through DFF. As the simple and ultra-low power demodulator based on ILRO
proposed in this chapter is applied to the Low-IF receiver in the future, the total power
consumption of receiver can be greatly reduced.

Although the open-loop operation of ILRO shows a susceptible to PVT variation, when
the proposed demodulator is applied to the receiver, it can be overcome by adding a feed-
back loop of replica-VCO. In addition, as the amount of lead or lag of the phase can be

accurately discriminated, it is available to extend a QFSK demodulator.

96



V. Conclusion

A wireless receiver is one of the most important block in the wireless sensor node for
IoT. Current market demands and trends in the electronics industry suggest that commu-
nication devices need to support lower power consumption and higher performance. The
conventional receiver structures such as direct conversion and heterodyne have high per-
formance but these structures cannot operate in low power. The previously published low
power receiver using OOK modulation cannot achieve high sensitivity and channel selec-
tivity. To address these disadvantages, in this thesis, we propose the ultra-low power re-
ceiver based on injection locked LC oscillator that is a key building block in the proposed
receiver. Furthermore, the ultra-low power demodulator based on injection locked ring
oscillator also is proposed and implemented for decreasing power consumption of low-IF
receiver for [oT.

First, an injection locked LC and Ring oscillator that are core blocks of proposed re-
ceiver and demodulator are theoretically analyzed in this thesis, resulting in a better un-
derstanding of injection locking phenomenon. The injection locked LC oscillator can be
used in receiver supporting multiple modulation schemes such as OOK, BFSK, DPSK due
to amplitude, frequency, phase to amplitude conversion properties. The amplitude modu-
lated signal allows to use simple envelope detection for demodulation and down conver-
sion.

The injection locked ring oscillator also have frequency to phase conversion property
that used in proposed demodulator. It allows to simple structure and ultra-low power op-
eration. A DFF only need for a frequency discrimination because of the frequency to phase

conversion in the injection locked ring oscillator.
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By using the injection locked LC oscillator, an energy-efficient multi-mode receiver that
operates in the 2.4-GHz ISM band is presented for use in the wireless sensor node under
various loT application scenarios. The ILO is at the core of the receiver structure, and its
inherent injection-locking characteristic is exploited to convert the amplitude, frequency,
and phase variations of the OOK, BFSK, and DBPSK input signals respectively to the
amplitude fluctuations at the ILO output. After this conversion process, a simple envelope
detection follows to extract the amplitude variations of the ILO output envelope as well as
to down-convert the signal to the baseband. Consequently, the use of the mixer and the
frequency synthesizer can be excluded to minimize the power consumption.

Importantly, the proposed receiver implements the closed-loop control of the ILO injec-
tion signal power, unlike the previous ILO-based FSK receiver. The control loop operates
by adjusting the Q-enhanced SDA gain according to the baseband signal power monitored
by the peak detector.

Without this loop, as the receiver input power increases, the ILO lock range becomes
wider, and the frequency-to-amplitude conversion performance degrades, leading to the
demodulation failure eventually.

In the RF front-end, the Pre-aMP and O-enhanced SDA are employed to provide a suf-
ficiently large differential injection signal to the ILO even when the RF input power is low,
which improves the receiver sensitivity significantly. In addition, the receiver selectivity
is also improved due to the narrow-band amplification characteristic of the Q-enhanced
SDA.

When fabricated in 0.18-um CMOS technology, the proposed receiver achieves the sen-

sitivity of —87, —85, and —82 dBm for the OOK, BFSK, and DBPSK signals respectively
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at the data rate of 50 kb/s and the BER lower than 0.1 % while consuming 324 uW from
the 1-V supply.

The future work targets on designing an internal auto gain control loop for high integra-
tion level. In addition, to decrease more operating power, a duty cycling and a wake-up
receiver can be employed in the proposed receiver.

In this thesis, also, a novel GFSK demodulator based on an injection ring oscillator suit-
able for low-IF receiver architecture is presented. The GFSK demodulator for a low-IF
receiver is designed and implemented using the frequency phase conversion characteristics
of ILRO. Through the pulse slicer of the input stage, the phase lead or lag between the
input and output of ILRO occurs according to the input frequency. The proposed approach
is digital-intensive enabling ultra-low power operation. The measured results show that the
proposed demodulator can accurately demodulate GFSK signals with a simple structure.
Furthermore, ultra-low power consumption and small active area of the architecture ena-
bles its use in many low power low cost wireless communication systems for IoT and
MICS applications.

In the future, as the amount of phase differences according to 4-input frequencies can
be accurately discriminated by using high-resolution time to digital converter, the proposed

demodulator can be used in a QFSK demodulator.
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