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Abstract

Wearable devices have been popular issues in recent years. Low power consumption
is an important design target for the purpose of long-time usability. It’s also an
enormous challenge for wireless transceivers circuit design.

This thesis proposes an energy-efficient injection-locked transceiver which operates
at 0.5V voltage supply. The D-BPSK modulation and demodulation are adopted for this
system.

The proposed receiver adopts injection-locked technique to demodulate received
data. The injection-locked oscillator detects the input phase information and reacts on its
output amplitude. In this receiver, the closed loop topology is not required for phase
synchronization, which simplifies receiver design and reduce power consumption. This
work is fabricated in TSMC 0.18-um CMOS technology. The total power consumption
is 0.97 mW with the sensitivity is -45 dBm at 10-Mbps data rate. The equivalent energy
efficiency is 97 pJ/b.

The injection-locked technique is adopted in the transmitter design to modulate
date. The injection locked oscillator will re-lock to a new phase when the phase changes
at low frequency carrier. High frequency multi-phase oscillator is not required in this
architecture; therefore it will reduce total power consumption significantly. This work is
simulated under TSMC 0.18-um CMOS technology. The total simulated power
consumption is 0.297 mW with 13% EVM at 10-Mbps data rate. The maximum output

power is -9.7 dBm, and the energy efficiency is 29.7 pJ/b.
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1.1 Motivation

Chapter 1 Introduction

1.1 Motivation

As the information and communication technology improve, the connection
between people and the world become more flourishing than before. In consideration
of security and health, the traditional devices such as cell phone with camera and
long-distance transmission are forbidden in many places. Therefore, the loT
applications with short-distance communication are required in many fields. Fig. 1-1
shows the scenario of wearable mobile media for loT application. This application
composes of several biomedical sensor nodes to capture biomedical data and transmits
it to nearby AP node by short-range wireless transmitter. A short-range wireless

receiver is also required for wearable device to obtain information outside from AP

node.
]
Temperature
Sensor Nodes
ap) Y (N
‘\\ LCD I Sensors

Wearable
Device

Humidity
Sensor Nodes ||

‘ _-1|
S RS |
L]

-
-
"
=1

Fig. 1-1 Scenario of Wearable Mobile Device with Short-range Communication
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Chapter 1 Introduction

Since the wearable device is a mobile product, the long-time usability are
significant important. In wireless wearable device, the power source for the whole
system is energy harvesting circuits. Therefore, low power consumption is one of the
major design concerns in the system. To integrate the whole system in low voltage is
needed. On the other hand, the wearable device transmits and receives information
though only several meters distance, so the specification of output power for

transmitter and sensitivity for receiver are much relaxed.

1.2 Data-rate Requirement

The sufficient data rate is required for the transceiver. In consideration of
transmitter, it’s required to transmit biomedical information to AP node. As expressed
in (1-1), data rate not only depends on the number of recording sensor (Nsensor) N
wearable device, but also relies on the resolution of ADC (Nyit), and the sampling rate
of ADC (fsampling)- Take an 1-lead electrocardiography (ECG) recording system which
is integrated in wearable device node for example, and assume that a 10-bit ADC with
10-kHz sampling frequency is adopted. The uncompressed data rate will be 1x10kx
10=100 kbps. Nevertheless, if the transmitter is designed for more complex bio-signal
recording such as 128-channel electroencephalography (EEG) monitoring, the required

data rate could be up to 12.8 Mbps [1].

Data rate = Ngonsor % fsampling * Nbit (1-1)

In view of several sensors in AP nodes, the wearable device node must receive
huge information. In other word, the receiver in wearable device also requires high

data rate specification as that of transmitter.

doi:10.6342/NTU201602538



1.3 Operation Frequency Band

1.3 Operation Frequency Band

Federal communications commission (FCC) established the Medical Implant
Communication Service (MICS) and set aside 401 — 406 MHz spectrum. However
either 100-kHz or 300-kHz channels is not sufficient for much sophisticate applications.
Therefore FFC combined the 413-MHz to 457-MHz MHz band with the previous MICS
band as the new Medical device Radio-communications Service (MedRadio) spectrum

in 2011 [2]. The illustration of the spectrum allocation is shown in Fig. 1-2.

10x300k-Hz

10x100k-Hz
Channels

Chgnnels

10x100k-Hz
Channels

Q

-

6 MHz
e T o ¢ >

ﬂm m " ( \] ( \] /\i-zodET \]
» MHz

401 402 405 406 413 419 426 432 438 444 451 457
<« MICS Band =—»

< MedRadio Band

A 4

Fig. 1-2 MedRadio Band from 401 MHz to 457 MHz

MedRadio band is suitable for wearable application because of sufficient and the
license is not required. Several symmetric transceivers aiming at MedRadio band have

been published [1][3], achieving low-power performance but not operating efficiently.

1.4 Modulation Scheme

On-off keying (OOK) modulation is the special case of amplitude-shift keying
(ASK), which is widely chosen for low-power systems due to the simplicity of circuit
implementation [4]-[8]. Nevertheless, OOK modulation is susceptible to interference
and the bandwidth efficiency is poor than that of phase-shift keying (PSK) or
frequency shift keying (FSK). Therefore OOK is not suitable for wearable application

due to its poor noise performance than that of FSK/PSK. Fig. 1-3 depicts the

3
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Chapter 1 Introduction

theoretical noise performance of the coherent FSK, non-coherent FSK, binary
phase-shift keying (BPSK) and differential phase-shift keying (DPSK). Overall, the
noise performance of PSK is superior to that of FSK. Hence it is easier to achieve
energy-efficient transceiver with better sensitivity of receiver by implementing PSK

modulation.

=== Noncoherent FSK 7
3 ==B=-= Coherent FSK

A
C)u
T T

T

TN 1
Ferm 1

BER

T
[Nl

Fig. 1-3 BER versus Eb/No Graph

In low-power systems, the non-coherent demodulation such as DPSK
demodulation is desirable because the phase-tracking loop is no longer needed for
phase synchronization, which reduces power consumption [9]. Although the required
SNR for demodulating non-coherent PSK carrier is higher than that of synchronized
PSK demodulation, DPSK is an acceptable modulation based on simplified circuit

architecture for low power specification.

doi:10.6342/NTU201602538



1.4 Modulation Scheme

Differential phase shift keying such as D-BPSK is to deliver data by adding a
relative phase change to the carrier signal rather than encode absolute phase for each
baseband data. As shown in (1-2) and (1-3), extra 180° phase may be added to the
current phase for transmitting a binary ‘1’, and no extra phase change in carrier when

transmitting a binary ‘0’.

<t<
s, (t) = Acos(2rct) , O<t<T , for binary 0 (1-2)
Acos(2A4.t) , T<t<2T
<t<
s, (t) = AcS(2Act) , O<t<T , for binary 1 (1-3)
Acos(2Af t+x) , T<t<2T

In other word, the absolute phase information is no longer important compared
with traditional phase modulation, which relaxes the circuit design requirement for
transceiver. The implementation of differential encoder and decoder of D-BPSK is

shown in Fig. 1-4.

{Tbk}?ﬁ]} {de}‘[_—l_)qu{Rbk}
QD D Q

{Td-1} d-cLk CLK o-b {Rdy.1}
() (b)

Fig. 1-4 Circuit implementation of (a) differential encoder (b) differential decoder

The differential encoding scheme is shown in Table 1-1. {Th¢} denotes the
original data sequence for transmitting, {Tdy} represents the encoded data sequence,

and {0y} stands for the phase change of {Tdx}. The definition of {Tdy}is in (1-4).

doi:10.6342/NTU201602538



Chapter 1 Introduction

Ta, =) Tdei o if T =0 34
~Td,, , if Th, =1

Table 1-1 Illustration of differential encoding and decoding of BPSK

{Th} 1 0 1 1 0 1 1
e PR
{Td} 1 1 0 1 1 0 1

1.5 Link Budget

The RF link budget has to be estimated in order to decide the specification of
TRX front-end circuit [9]. The path loss due to signal propagation can be estimated by

free-space loss equation shown in (1-5).
47d

A is the wave-length, and d is the distance between the wearable device and AP
node. If the operating frequency is 400 MHz and the distance is 5 meters, the path loss is

about 38 dB.

I:)recieved = I:)out + Gantenna - I—path (1'6)

In (1-6), Poy is the TX output power, and Ganenna IS the antenna gain of TX/RX.

To meet the standard of Med-radio band, the TX output power is -10 dBm. Assume a
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1.6 Thesis Overview

chip antenna with -10-dBi antenna gain is adopted; as a result, for 5-meter distance, the

received power is about -58dBm.

From the above calculation, the RX sensitivity, which is defined as detectable

signal power for a certain BER of demodulated data [10][11] is -60 dBm.

1.6 Thesis Overview

This thesis presents the design of low voltage D-BPSK transceiver, including

theoretical analysis, simulated and measured results.

Chapter 2 introduces the state-of-the-art low-power transceivers for WBAN
applications, which covers traditional wireless transceivers and injection-locked-based

transceivers.

Chapter 3 presents the proposed ultra-low-voltage D-BPSK receiver based on
injection-locked technique, which includes the dynamic phase-to-amplitude conversion

analysis.

Chapter 4 describes the proposed ultra-low-voltage D-BPSK' transmitter. The
theory of sub-harmonic injection-locked phase modulation for low-power

consideration is also presented.

Finally, chapter 5 provides a conclusion and the future work.
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2.1 General Architecture of Wireless Transceiver

Chapter 2 Introduction to Low-Power Wireless

Transceiver

2.1 General Architecture of Wireless Transceiver

Mixer-based transmitters are widely applied in many wireless systems [12]-[14].

As shown in Fig. 2-1, there are two common mixer-based architectures. The

direct-conversion transmitter uses digital-to-analog converter (DAC) and mixers for

transforming baseband data to analog format and performing up-conversion task.

However, this topology suffers from injection pulling effect between power amplifier

and carrier, so another type which adopts heterodyne topology for separating carrier

frequency from the PA output spectrum by making the signal up-conversion in two

steps had become popular. Nonetheless, these two topologies must deal with the

trade-off between maximum data rate which is limited by the bandwidth of DAC and

power consumption. Therefore, mixer-based transmitters are not appropriate choices

for low-power applications.

+> DAC

Digital

CLKgs D Mod

—~<»| DAC

LPF

Carrier Gen. @

LPF

(@)

IBB

cos(wt)

sin(wgt)

Qss

o]

doi:10.6342/NTU201602538



Chapter 2 Introduction to Low-Power Wireless Transceiver

A

DAC>-> LPF

IBB

CLKgg D

Digital
Mod.

cos(wt)

sin(wct)

DAC>-> LPF

Qes

cos(wt) w-—g
sin(wet) <—1i—

(b)

Fig. 2-1 Mixer-based Transmitter (a) Direct-conversion Transmitter [12] (b)

Heterodyne Transmitter [13]

The PLL-based in-loop-modulation transmitter [15] is another common

transmitter architecture. As depicted in Fig. 2-2, the digital data which is encoded by

the digital baseband modulates the frequency divider to accomplish FSK modulation.

This modulation requires phase-locked loop (PLL), which results in much higher

power consumption. In addition, the limited data rate is the primary disadvantage due

to the bandwidth of PLL. To sum up, the PLL-based topology is more suitable for

narrow-band applications rather than high-energy-efficient ones.

CLKrer —

PFD/CP |—»| LPF

DIV

CLKgs D

Digital
Mod.

1

\l/

@ b TXour

Fig. 2-2 PLL-based In-Loop-Modulation Transmitter
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2.1 General Architecture of Wireless Transceiver

The direct-conversion receiver and heterodyne receiver shown in Fig. 2-3 play
important parts in wireless communication. The former one solves the out-band
interference problem and save intermediate frequency (IF) filter, but the carrier
operating at higher frequency is needed in this receiver, which tightens total power
budget. The latter one provides the two-step down-conversion facilitate. However, the
non-zero IF down-conversion causes the image problem. Although these architectures
are commonly used for different specification, power-hungry circuits such as ADCs

and mixers are needed, which is the limitation for low-power system.

les
LPF —><ADC —L

\l/
RFn Digital
BB.
LPF —><ADC A
Qes
(a)
w lgs
LPF —><ADC A
Y
RFn Digital
BB.
cos(Nwct) LPF —><ADC >
Qes
Carrier Gen. *C?S(%t)
sin(wct)
(b)

Fig. 2-3 Mixer-based Receiver (a) Direct-conversion Receiver [12] (b) Heterodyne

Receiver [14]

11
doi:10.6342/NTU201602538
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2.2 Low-Power Wireless Receiver

2.2.1 Super-Regenerative Receiver (SR RX)

The signal-regeneration characteristic of super-regenerative receiver (SR RX) is
suitable for demodulating OOK and FSK signal while consumes little power
[7]1[16][17]. Fig. 2-4 shows the basic operation of SR RX. The RF carrier which is
amplified by LNA injects to a periodically quenched oscillator. Then, the envelope
detector (ED) detects input-dependent envelope of oscillator whose output pulse width

contains the data information.

The periodically quenched oscillator operate with heavy duty-cycled and RX only
requires simple mechanism to demodulate data, which makes SR RX be a famous
solution for low-power application. However, the worse frequency selectivity and the

requirement of high-Q passive components limit the development of the SR RX.

\

7
RFi @ Envelope | Veo
——
Detector

Q h
" Colrjlfrr:)(lzler

Fig. 2-4 Super-Regenerative Receiver

2.2.2 Injection-Locked-Based Receiver

Injection-locking phenomenon in an oscillator is commonly used for providing

frequency division or LO generation. Moreover, the low-power receivers based on the

12
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2.2 Low-Power Wireless Receiver

injection-locked technique develops rapidly in recent years. Fig. 2-5 shows the block
diagram and operation mechanism of the injection-locked BFSK receiver architecture
[18]. The key point of the FSK demodulation capability is the frequency selectivity of
the ILO. The ILO acts as a band-pass filter and it transforms frequency difference
between RF data into amplitude difference. The envelope detector captures and
recovers input-dependent amplitude information. The major drawback is the small
amplitude difference (~2mV) converted from frequency difference, which implies
wider frequency deviation, hence more bandwidth is needed. Therefore,
injection-locked based FSK receiver suffers from poor bandwidth-efficient

performance.

vV
Envelope ED
Detector

Amplitude

Aw Frequency

Fig. 2-5 Injection-Locked BFSK Receiver

The synchronization between receiver and transmitter is needed for PSK
demodulation in traditional receiver. Non-linear BPSK demodulation schemes using
injection-locking technique were proposed [19][20] recently, which consists of two
super-harmonic injection-locked oscillators (SH-ILO) and an XOR gate as shown in Fig.
2-6. The principle of non-linear BPSK demodulator depends on the dynamics of two
super-harmonic injection-locked oscillators. The BPSK modulated signal is injected to

the two oscillators, which makes one of the oscillators obtain a phase lead, the other

13
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obtain a phase lag. Then an XOR operation combines the oscillator output. The circuit is

well-suited to achieve low-power consumption as a result of simplified architecture and

the oscillator running at one-half the input signal frequency.

When a BPSK modulated input signal is fed to the 2" harmonic injection-locked

oscillators, its output frequency is one-half of input frequency. If the oscillator is locked

with no phase change, the phases of two injection-locked oscillators are the same,

which makes the output of XOR produce 0. On the other hand, an 180° phase change

of the BPSK modulated input signal leads to ¥90° output phase (A0) change of the

SH-ILOs as shown in (2-1).

Wjnj

+90 , @Wyscq > = W

AO =

(o]

—90 1 Wosc2 < = Wp

(2-1)

180 ° phase shift in the input signal results in 90 ° phase lag at the output of ILO; if

osc1 < anand 90 ° phase lead at the output of ILO; ifapsc2 > @in. In short word, a total

phase difference is 180 ° between 1LO; and ILO, which makes output of XOR produce

1.

‘PSKData Power

Divider

ILO, }ﬂ,

Amplitude

ILO;

H H >
Wosc1 Wosc2  Frequency

Fig. 2-6 Block diagram of the BPSK Demodulator/Receiver
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To prevent the pulling effect between two oscillators, the frequency separation
between ILOs must be far enough, so that the required gain of RF front-end circuit
must increase for larger injection power. Therefore, this type of receiver needs excess
power for RF front-end circuit due to gain requirement. Furthermore, a tradeoff
between frequency difference and data rate is significant. The pulling effect becomes
severe if frequency difference decreases for data-rate requirement at fixed injection
power. To sum up, this architecture is ill-suited to low-power applications at sub-GHz

range.

2.3 Low-Power Wireless Transmitter

2.3.1 OOK Transmitter

The OOK transmitters are widely adopted in many low power systems [4]-[8].
The traditional implementation is to switch PA or carrier directly, which simplifies
circuit architecture and relaxes system power budget. An injection-locked OOK
transmitter was published to achieve higher energy efficiency, as briefly depicted in
Fig. 2-8. However, the innate limit such as insufficient bandwidth efficiency burdens

the usability of OOK transmitter for low-power and high-data-rate applications.

Digital Digital

CLKgs D— Mod. CLKgzs D— Mod.
TXOUT TXOUT
1 \l/ \l/

i Carrier
CLKgrer D—> Célrel’"llel’ w CLKrer D— Gen. w

Fig. 2-7 System Architecture of OOK Transmitter
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Digital

CLK gD Mod

Wosc

TXOUT

Ref OSC Power Osc

Fig. 2-8 Injection-Locked OOK Transmitter [4]

2.3.2 Phase-MUX-Based Transmitter

Phase-multiplexing (Phase-MUX) technique is greatly preferred in low-power
PSK transmitter design recently [1]. The frequency carrier produces multi-phase
information and is followed by a multiplexer. The encoded digital control signal
modulates the multiplexer to switch the phase of carrier for accomplishing PSK
modulation. This technique relaxes the trade-off between power and bandwidth,
eliminating the power-hungry block such as mixer, LPF, and DAC. Nevertheless, the
multi-phase carrier generators which operate at high frequency become the most
power-hungry block in transmitter. Therefore, Phase-MUX based transmitter is an

improper alternative for ultra-low-power applications.

Digital
TXpata D— M%d
N/
Multi-phase TXo
CLKrerD Generator b .

Fig. 2-9 Phase-MUX-Based Transmitter
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2.3.3 Injection-Locked Transmitter with Edge-Combining Technique

Injection-locked transmitter with edge-combining technique has been proposed to
low-power FSK/PSK transmitters [7][21][22]. The injection-locked transmitter
behaves as a first-order PLL, which the free-run frequency of oscillator could be
locked to the ™ harmonic of the injection reference frequency [23]. Without any extra
power-hungry part such as high-frequency divider, phase frequency detector (PFD),
and charge pump (CP), so injection-locked oscillator (ILO) is energy-efficient circuit

block to reduce power consumption.

Fig. 2-10 shows the system architecture of a low-power BFSK injection-locked
transmitter for MICS/ISM band [21]. This transmitter achieves low-power
performance through edge-combing technique. The edge combiner (EC) mixes
low-frequency multi-phase signal to generate signals at RF frequency. Therefore, the
power consumption is much less than the one of Phase-MUX based transmitter
because most circuit block including multi-phase carrier operate at low frequency.
Although this transmitter relaxes power budget, the FSK modulation suffer from poor

spectrum efficiency comparing with that of PSK modulation.

@:9 7
(41 ILRO1 ILRO2 EC/PA

FSK data
€ Low > <. High
Frequency Frequency

Fig. 2-10 Injection-Locked BFSK Transmitter with Edge-combining Technique
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In [22], a low-power BPSK injection-locked transmitter was presented for both

low-power and excellent spectrum efficiency performance. It merges the advantage of

phase multiplexer and edge-combining techniques as shown in Fig. 2-11. However

there’re several issues in this design. First, the number of combining path depends on

the ratio between injected frequency and RF frequency. Even in simple phase

modulation such as BPSK, it will require multi-path circuit due to the frequency

difference between injected signal and RF carrier, which complicates the design.

Furthermore, the spurs due to the phase mismatch of edge combiner will degrade

spectrum performance. The phase calibration technique is needed to address this issue.

TXpaTA D=————d>

CLKn; D>

Digital
Mod.

P

Pulse

Gen.

9-stage

Ring VCO

Fig. 2-11 Injection-Locked BPSK Transmitter with Edge-combining Technique
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Chapter 3 Proposed Low-Power Injection-Locked
D-BPSK Receiver

3.1 Receiver Introduction

3.1.1 Injection-Locked LC Oscillator Theory

Injection-locked LC oscillator is commonly used for many low-power receivers
[18]-[20]. The related theories about LC oscillator under injection were published in

[24][25].

An injection-locking or pulling phenomenon occurs when a periodic signal feeds
to an oscillator. If injection-locked frequency i is close to the free-running frequency
@, the output frequency will be locked to @i and the current output I will be

combined with input current li,; and free-running current losc as shown in Fig 3-1.

Fig. 3-1 Phasor diagram illustrating the phase difference between input signal and

output signal in steady state (¢ is the steady state phase difference between Iy and Iy)
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Chapter 3 Proposed Low-Power Injection-Locked D-BPSK Receiver

The conceptual block diagram of an LC oscillator under injection is shown in Fig.
3-2, where the incoming voltage-domain signal (Viy) is first converted to current
domain signal (lin;) by a transconductance stage, and then added with oscillator current
(losc)- The resultant current (ly) is injected to a resonator whose central frequency is m,
and converted back to voltage (Vosc) domain. The equations describing the injection-

locking phenomenon under these conditions are derived in (3-1)-(3-9).

Wo

Vinj (t)
:Amj COS(Uinjt

= Vosc (t)
( =Aosc COS(Winit+8)

Fig. 3-2 Simplified circuit diagram of LC oscillator under injection
e () = 1inj (1) + losc (1) = 1 ampCOS(@4nj + )
= G,injVinj (1) + G oscVosc (1)
= Gm,inj Ainj COS@injt + Gy osc ApscCOS(@injt + O) (3-1)
= (Gm,inj Ainj + Gm,osc AoscCOSE) oSyt

—(G 0sc AoscSING)Sinay;t

From above equation, we can get the phase difference ¢ between I;and I is

Gm,oscpbscsma

Tang = G .inj Ainj + Gm.osc AoscCOSE (3-2)
I; experiences a phase shift after passing through LC tank.
Vosc (1) =ViscCOS(@45 + 0)
~ 2§10y Grm o5 PoscCOS (@1 + +Tan‘{f§<wo — o - ‘j'j‘f)}) 59)
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3.1 Receiver Introduction

From (3-3), we observe the relationship between phase #and phase ¢ with that

6= +7an| 22 (@, - ay — 92 (3-)
@y dt

The change rate of phase ¢ is close to that of phase é.

dg _do

~ 3-5
dt  dt (3-5)
Furthermore
G .ini Aini SIiNG -
Tan(0 — ¢) = m,inj Ainj _ Ksing
G oscAosc + Gm inj AinjC0s€ 1+ Kcosd -

K — G injAnj _ linj
Gm,OSC A)SC I 0sC

Under locked condition, the phase difference remain constant with time can

derive the relationship between locking range . and injection current ratio K from

(3-4), (3-5), and (3-6).

do(t) o,

= o @ini —%Tan(@—@ .

I Ksing 37
° M 201+ Kcosd

Locking range is the difference between free-running frequency and injection

frequency which can be computed as shown in (3-8).

@, Ksing
Winj =
2Q 1+ Kcosé

Wy — (3'8)

The maximum locking range can be calculated by substituting & [25], and we

final get
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O =W, —

o @, K (3.9)
injmax 20 V_l —K2

3.1.2 Injection-Locked Oscillator as Phase-to-Amplitude Converter

Envelope detection is widely applied in the non-coherent AM demodulation for its
simplicity. The phase-to-amplitude conversion can be applied in order to demodulate

the D-BPSK signal. Fig. 3-3 illustrates the operation of phase-to-amplitude conversion.

Vp.epsk(t) Vsum(t) Enve|ope Vep(t)

Detector

Del ay VD-B PSK(t-Tb)

Tp

Fig. 3-3 Non-coherent DPSK detection using amplitude-to-phase conversion

This phase-to-amplitude conversion demodulates data by comparing the phase
difference between received signal Vppsk(t) and former received signal Vppsk(t-Tp),

where Ty, is one-bit period.

Assume Vppsk(t) and Vppsk(t-T,) are in-phase in initial status, the amplitude of
Vsum(t) will increase due to the summation. On the other hand, the amplitude of Vsym(t)
reduces due to the summation of two anti-phase signals Vppsk(t), Vopsk(t-Tp). Then the
phase-to-amplitude information will be captured by envelope detector. Moreover, this
method is not a proper choice for receiver at RF frequency, because an exact delay
element is difficult to be accomplished without dramatically increasing power

consumption.
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3.1 Receiver Introduction

Instead a phase-to-amplitude conversion technique by using injection-locked
oscillator is proposed in this work. Fig. 3-4 is a conceptual block diagram of
phase-to-amplitude conversion by using an injection-locked LC oscillator. If the phase
of input signal Iin(t) changes 180°, the magnitude of Iy(t) will decrease temporarily. The
oscillator will return to the initial locked state after time duration. The behavior
described above is a transient phenomenon. Therefore, the analysis of dynamic

behavior of the ILO is needed.

Wo

flieatiy Vosc (1)

:AOSC COS((UmJH'H)

Vinj (t)
:Ainj COS(Uinjt

Fig. 3-4 Simplified circuit of Injection-locked LC oscillator as phase-to-amplitude
converter
According to [26], the frequency settling behavior of an ILO is described by (3-10)

and (3-11). 6s is the steady-state phase, and &0) is initial phase.

190 — 0, — g~ sin(o() (3-10)
Wosc (1) = Woge + <{QSS - ‘9(0)} et (3-11)

The time constant is shown in equation (3-12).

r=" (3-12)

Assume the locking time is approximately 4t [26], and equation (3-12) shows that

the locking range is inverse proportional to the locking time.
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Chapter 3 Proposed Low-Power Injection-Locked D-BPSK Receiver

The ILO converts relative phase information to amplitude variation depending on
its transient behavior, that is to say, the ILO change state between the locked state and
the state. Since the locking time is an important parameter on this receiver, and the
detailed analysis such as relationship between locking time and circuit specification for

receiver will be discussed in the following paragraphs.

3.2 System Architecture
3.2.1 The Proposed D-BPSK Receiver

The proposed architecture of the DPSK receiver, as shown in Fig. 3-5, is composed
of a matching network, a low-noise amplifier (LNA), the multi-stage amplifier (Amp), a

injection-locked oscillator (ILO), an envelope detector, and a data slicer.

LNA and the following multi-stage amplifier amplify the received D-BPSK signal
(RFi,). Before injecting to the ILO, the amplified signal is converted from voltage
domain to current domain by a transconductance stage. Therefore, the ILO performs
dynamic phase-to-amplitude conversion, then the envelope detector extracts the
amplitude information, and the received signal is therefore down-converted to baseband.

Finally, data slicer recovers the analog signal to a digital output.

Envelope Data
Detector _><Slicer i

ILOout EDout RXout

Matching
Network ILO

REN =

AMPgyt

Fig. 3-5 Proposed DPSK Receiver with Phase-to-Amplitude Conversion
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3.2.2 Design Specifications of the Proposed Receiver

The sensitivity of RX is defined as detectable signal power for certain BER of

demodulated data [11].

Sensitivity (dBm) = N_+10log(B) + NF + SNR_.. (3-13)

No is thermal-noise power in 1-Hz noise bandwidth, B is equivalent noise
bandwidth, NF is noise figure of RX front-end circuit, and SNRy, is the minimal SNR
required for DPSK demodulation. According to BER-to-SNR graph shown in Fig. 1-3,
the minimal SNR of DSPK demodulation for 10° (0.1 %) BER is around 7 dB.
Assume the sensitivity is equal to the received power calculated in Chapter 1.6, and the
equivalent noise bandwidth is 10 MHz for high-data-rate application, we can determine

the NF of front-end circuit is about 23 dB, which isn’t a tight specification for receiver.

Another critical requirement is the front-end gain which affects the specification of
maximal data rate for receiver. As mentioned in Chapter 3.1.1, demodulation is based
on the transient characteristic of the ILO, so the locking time (4t) must be less than

data-transmitted time for successful demodulation..

4
TS =4r=—< Tb (3'14)
oL

Chapter 1.2 determines the maximum data rate requirement is 10 Mbps, in other
word, the bit interval is 100ns. According to (3-14), the locking range o, of ILO must
be larger than 27*6.366 MHz. Chapter 3.1.1 analyzes the relationship between locking
range and injection power ratio K. Substituting the design parameter ®0=405 MHz and

Q is 7.6 into (3-9), the required injection ratio K can be estimated, which is about 0.83.

25
doi:10.6342/NTU201602538



Chapter 3 Proposed Low-Power Injection-Locked D-BPSK Receiver

The injection power ratio is determined by front-end gain Arg, oscillator current

losc, and input signal Vi, as depicted in (3-15).

VinARFGm,inj
|

l. .
K= _

| (3-15)

0sC 0osc

Vin=316 uV (-60 dBm) which is equal to the sensitivity, and assume the
transconductance G,=2 mA/V, losc = 400 pA, the requirement of front-end gain is 151

(43dB).

To sum up, due to the injection-locking characteristic of LC-tank oscillator for
dynamic phase-to-amplitude conversion, the requirement of maximal data rate
determines the locking range and the front-end gain. Above analysis provides insights
into the design of RX system. The specification of this work is shown in Table3-1 in the

end.

Table 3-1 Designing Specifications of D-BPSK Receiver

Process TSMC 0.18-um CMOS
Supply Voltage 05V
Operating Frequency 414 ~ 457 MHz
Data Rate 10 Mbps
Sensitivity <-60 dBm
Modulation D-BPSK
Power Consumption <0.5mw
Energy Efficiency <50 pJ/b
26

doi:10.6342/NTU201602538



3.3 Circuit Implementation

3.3 Circuit Implementation
3.3.1 Low Noise Amplifier and Multi-Stage Amplifier

LNA adopts the cascode common-source topology with Q-enhancement technique
for increasing gain in ultra-low voltage design without consuming excess power as
shown in Fig. 3-6. The Cs and L¢ are off-chip element for an input matching network.
Moreover, the input terminal of LNA is connected with ESD protection, which consists
of 2 reverse-biased diodes. The source degeneration inductor is implemented by the

bonding wire to save the area.

]- Vbb

® Pad Lo § Q enhancement
VLNA

Matchin
Zin g

Network
I i =

Fig. 3-6 Schematic of the Low-Noise Amplifier

The input impedance with matching network can be expressed as equation (3-16),

where Cgs is the parasitic capacitance between gate terminal and source terminal.

L Imbs s )

Z. =
" 1+5%LgCs Cesi sCes1

1 (3-16)
The additional off-chip matching network Lg and Cs makes input impedance

matched to 50-Q with practical values. Assume that L = 1 nH, Cgs = 100 fF and
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resonant frequency = 435 MHz, the values of Lg is 100 nH and Cs is about 20 pF by the

simulation of smith chart.

Q-enhancement technique is adopted by using colpitts structure which forms
positive feedback path for canceling the parasitic loss Rsof inductor Lp, The related
formula is expressed in (3-17) and (3-18). This technique also affects the resonant
frequency w,, S0 a large Cis added for determining w,. To avoid an unstable LNA,
the negative resistance Ry must be slightly smaller than Rs. Therefore, a high gain
LNA with 15-dB voltage gain in ultra-low voltage environment is implemented. The

final value of Cgs=1 pF and Cgs =1 pF with Lp =40 nH and C,_ = 1.5 pF.

Ry Z—a)zgcmllczst (3-17)
o — 1
o =
Cc.C 3-18
\/LD(Cl 2 +Cy) (3-18)
1+Cs

The multi-stage amplifier follows the LNA to provide additional gain for meeting
the requirement analyzed in Chapter 3.2.2. The architecture composes of 3 cascade

common-source amplifier. Each stage provides 15-dB voltage gain.

VDD

Vinj
Ms

Vbias

Fig. 3-7 Schematic of the Multi-Stage Amplifier
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The simulated S11 of LNA is shown in Fig. 3-8, which is around -14 ~ -33 dB
under different corners. The central-frequency drift is solved by adjusting digital code
of ILO. Fig. 3-9 shows overall voltage gain of front-end amplifier. The results under TT

27°, FF 0°, SS 80° are 58 dB, 64 dB, 43 dB, respectively.

—511 dB20 <TT27> -511 dB20 <FFO> 511 dB20 <5580>

5.0

[
TT27 FFO ]
-5.0] . -
MO(427.9MHz, ~14.21dB) .4M1(467‘5MHZ, =14.77dB)
-10.0| 1 ':"
s
Z.150
e
-20.0r
el | SS80 |
M2(443.9MHz, -33.58dB)
-300| ‘ . |
-35.0
200 300 400 500 600 700
[434aMiz] 312248 freq (MHz)
Fig. 3-8 Simulated S11 of LNA
—v [net246; ac dB20(V)<TT27> v /net246; ac dB20(V)<FFO> v jnet246; ac dB20(V)<5585>
M1(426MHz, 58.84dB) MO(450MHz, 64.39dE)
|
e - — TT27, FFO
M2(458.9MHz, 43.09dB)
50
5 X‘
Za0
£
| SS80
i —
%50 300 350 400 450 500 550 600
439.23MHz | 41.8dE freq (MHz)

Fig. 3-9 Simulated overall voltage gain

The simulated noise figure of total amplifier which consists of LNA and AMP is
shown in Fig. 3-10. The value is around 7 ~ 25 dB under different corners from 414

MHz to 457 MHz.
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NF dB10 <S580> ~ NF dB10 <FFO>  NF dB10 <TT27>

30

10

325.0 350.0 375.0
470.63MHz | 23.9dB

" 4000

freq (MHz)

Ca250 ' 4500 ' 475.0

Fig. 3-10 Simulated overall noise figure

Table 3-2 Simulated characteristics of LNA and AMP @ TT27°

Item Value
Supply Voltage 05V
Total Current 450 pA
Input Return Loss -10 dB
Voltage Gain 46 dB
Noise figure 10dB

3.3.2 Injection-Locked Dual-Conduction Oscillator

500.

The schematic of injection-locked oscillator, composed of a digitally-controlled

oscillator (DCO) and a Gy, stage, is shown in Fig. 3-11. ILO adopts dual-conduction

PN-complimentary LC-tank topology [27]. One main pair is used for sustaining

class-C operation, while the other is an auxiliary pair with an added resistor Rs for

minimizing total current consumption after overcoming start-up condition. A 4-bit

programmable capacitor array with varactor is incorporated to compensate for the center

frequency deviation due to PVT variations. The G, stage (M7, Mg) is designed to

convert the input voltage signal to current format for injecting the oscillator. Due to the
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3.3 Circuit Implementation

low-voltage operation (0.5 V), the replica-biasing circuit is used to provide a stable bias

point. The transistor size and biasing condition is listed in Table 3-3.

Table 3-3 Transistor size and operating point of the G, stage under corner TT27°

Device WI/L (um/um) | Current (LA) gm (uS) Jo (uS)
My, 20/0.18 118 1900 36.6
M3 4 20/0.18 118 1900 36.6

Fig. 3-11 Schematic of Dual-Conduction Digitally-Controlled Oscillator

Fig. 3-12 shows the simulated frequency tuning range of DCO by varying the

varator tuning voltage at different digital code. The range covers from 430 to 460 MHz

over different corners. With 4-bit capacitor array, DCO support the entire Med-radio

band and ensure the flexibility of channel selection. The simulated phase noise at

100-kHz and 1-MHz offset from the carrier frequency is lower than -75 dBc/Hz and

-110 dBc/Hz, respectively, as shown in Fig. 3-13. Table 3-4 summaries the simulated

characteristic of the DCO.
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Tunning range<TT27> —Tunning range<FFO> - Tunning range <S580>

470+

0
0

.243| 452.26MHz vetrl (E-3)

Fig. 3-12 Simulated analog frequency tuning range of DCO

—Phase Noise<FFO> - Phase Noise<TT27> —Phase Noise <5580>
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Fig. 3-13 Simulated phase noise of the DCO under different corners

Table 3-4 Simulated characteristics of the DCO @ TT27°

Item Value

Supply Voltage 05V
Current 453 A
Oscillation frequency 435 MHz

Phase Noise at 1 MHz -110 dBc/Hz

Digital Control bits 4 bits

Total Tuning Range 60 MHz
32
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3.3.3 Baseband Circuits

VDD# N
[ Mitlr

Cac

Rac

Vbcopo— I—

Vpcone |

Rac

I
Cac

Differential
to Single

. >_\£out

Threshold
Generation

Circuit

-<4———— Envelope Detector =—» <«— Data Slicer —»

Fig. 3-14 Simplified baseband circuit

Fig. 3-14 shows the baseband circuits including an envelope detector and a data

slicer. The envelope detector is realized as an active rectifier which feeds the data slicer

to generate the raw data [28]. Since the envelope peak and valley levels will vary due to

PVT variations, the threshold voltage of the slicer must be adaptively adjusted. This

threshold voltage is generated by a low pass filter which has the ability to capture DC

point of envelope waveform.

3.4 Simulation Results

The simulation results for total system are shown in Fig. 3-15 for the verification of

theory analyzed in Chapter 3.1.2.

The data rate is 10 Mbps and the receiver demodulate D-BPSK encoded data to RZ

data with input power is equal to -70 dBm.
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Fig. 3-15 Time diagram of Proposed RX

3.5 Experimental Results

3.5.1 Die Photo

This chip is fabricated in TSMC 0.18-um CMOS 1P6M process and occupies a
core area of 5.4 mm?. As shown in Fig. 3-16, the whole system is divided into several
blocks: low noise amplifier, injection-locked DCO, an envelope detector, and data
slicer for producing RX output digital signal. Excepting for a 0.9-V supply used by
output buffer for sufficient driving requirement of measurement, the supply for all the
other blocks is 0.5 V. Besides, STC I/O PADS are applied to the interfaces of this die

for ESD protection.
34

doi:10.6342/NTU201602538



3.5 Experimental Results

A: LNA & AMP

B: Injection-Locked DCO
C: Envelope Detector

D: Data Slicer

2400 pm

:— 2250 HIT m——-

Fig. 3-16 Die Photo of the Proposed RX

3.5.2 Measurement Environment Setup

D-BPSK signal] PCB

gu-o- --V‘-" ”""'é ILDO l:
Agilent E4438C ooe DCO
Vector Signal Generator Output Power Supply

5 CHIP

,_
Z
>
\ 4

Agilent E5071C
Network Analyzer

" Agilent N9020A
Signal Analyzer

Oscilloscope

Fig. 3-17 Measurement Environment

The measurement environment setup is depicted in Fig. 3-17. Agilent E3646A
power supply provides the dc supply for the LDO regulators which supply steady dc
voltages on PCB. The network analyzer Agilent E5071C is utilized to measure the

s-parameter of LNA, and oscilloscope is used for observing time-domain data.
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Moreover, signal analyzer Agilent N9020A measures the performance of DCO and the
vector-signal generator Agilent E4438C provides D-BPSK modulation signal for

testing.

3.5.3 PCB Design

A PCB is fabricated for testing and verifying the function of the proposed
D-BPSK receiver, as shown in Fig. 3-18. There are two power domains on this PCB: a
0.9-V supply for supplying digital buffer, and a 0.5-V supply for core circuit. The 5-bit
controlling signal tunes DCO free-run frequency. AC input/output signals, such as
LNA output signal, input D-BPSK signal,, and DCO output signal, are connected

through SMA terminals. The LNA matching network, composed of shunt capacitor

and series inductor, is also welded on board.

Fig. 3-18 PCB for Testing
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3.5.4 Measured Results

Fig. 3-19 shows the input-matching measurement for D-BPSK receiver with S11 is

about -23.4 dB at 417MHz, and the bandwidth is larger than 10MHz.

50

1 417.08000 MHz -23.492 dB
>2 416.98749 MHZ -23.429 dB

3

o
)
= 0 10MHz
—
)]

370 380 390400 410 420 430440 450
Frequency (MHz)

Fig. 3-19 Measured S11 Parameter

The measured phase noise of free-running DCO and injection-locked DCO are
displayed in Fig. 3-20. As shown in the figure, the phase noise for injection-locked
DCO is -91 dBc/Hz, -100 dBc/Hz, -111 dBc/Hz, and -114 dBc/Hz at frequency offset
of 10 kHz, 100 kHz,1 MHz, and 10MHz. This measurement indicates that DCO phase

noise is significantly improved by injection-locking technique.

The transmitted data generated from Agilent E4438C is in differentially encoded
form. The ILO output experiences amplitude variation during every data transition of
transmitted data. With the envelope detector and data slicer, the analog amplitude
information is converted to a sequence of digital code, which is RZ data of RX output.
For example, a sequence “01010101000000” s differentially encoded to

37
doi:10.6342/NTU201602538



Chapter 3 Proposed Low-Power Injection-Locked D-BPSK Receiver

“110011001111111”, and this transmitted data is demodulated successfully with timing

delay as shown in Fig. 3-21.

Fig. 3-22 depicted the measured relationship between bit error rate (BER) and

input power, which indicate that the sensitivity is -45dBm at 10-Mbps.

Bl

LN T

L‘N-—" i Ri

-110 ] _ .h.- N Wvl 1 erwsw &amm%%
Injection+locked i !

10 kHz Frequency Offset 50 MHz

Fig. 3-20 Measured DCO Phase Noise

Encoded data:110011001111111 Decoded data:01010101000000

110011001111111

ILOoutput:

RXOUt : : 01010101000000
(@ s00mVv 2 @ 500V ] [z 1.00ps ] [?'OON(I)%SH}/S ] [ @ - 0.00 v]

Fig. 3-21 Transient waveforms at 10-Mbps (Input power is -40 dBm)
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Fig. 3-22 BER Versus Input Power at 10-Mbps

Table 3-5 shows the detailed power breakdown of the proposed receiver. The total
power consumption is 970 pW. Half of the power consumption is contributed by the

RF front-end circuit. The baseband circuit ( ED + Data Slicer) only consumes 45 uW.
Table 3-5 Power Breakdown of the D-BPSK RX

Circuit Power (pW)
LNA+AMP 690
DCO 235
ED 40
Data Slicer 5
Total 970

Finally, Table 3-6 summarizes the performances of the proposed RX. By the
comparison between the related works, it concludes that we proposed an

ultra-low-voltage receiver with good energy efficiency.
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Table 3-6 Comparison Table of the Proposed RX

Reference [9] [19] [29] [30] This
VLSI’14 | T-MTT’11 | BioCAS’11 | ISOCC’14 Work
Technology 180 90 180 110 180
(nm)
Supply
0.9 1.2 1.8 1.2 0.5
V)
Modulation D-BPSK BFSK O0OK OO0OK D-BPSK
Freq. Band ~
(MH2) 430 300 400 433 414 ~ 454
Data Rate
(Mbps) 10 1 2 2 10
Power Con.
1770 120 590 750 970
(nW)
Sensitivity i i i i i
(dBm) 63 34 45 50 45
Energy/bit
(pJ/bit) 177 120 295 375 97
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Chapter 4 Proposed Low-Power Injection-Locked
D-BPSK Transmitter

4.1 Transmitter Introduction

4.1.1 Motivation

As discussed in Chapter 2.3 that many transmitters were published for low-power
application. However energy-efficient transmitters with high data rate are much
desired for short-range 10T applications in the future. Traditional injection-locked
transmitter with edge-combing technique provides proper choice [21][22].
Nevertheless, the mismatch of edge combiner induces the spur issue in spectrum. To
sum up, a low-power high-data-rate transmitter is needed to be proposed for addressing

these issue.

4.1.2 Sub-harmonic injection-locked oscillator as phase modulator

The sub-harmonic injection-locked oscillator plays an important role on
low-power transmitters. As depicted in Fig.4-1, the output phase noise of sub-harmonic
injection-locked oscillator is dominated by that of input signal, where N is the frequency
ratio between injection signal and free-running oscillator.

The equation (4-1) reveals that the phase-noise performance of the free-running
DCO is not significantly important. However it depends on the phase-noise
performance of input signal. According to the analysis in [23], the output phase noise of

sub-harmonically injection-locked VCO is expressed in (4-1).
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PN
* VCO
Inj.-locked
CIKinj _’@)_’CIKOM
wout =N
.

Fig. 4-1 Phase-Noise Behavior of a Sub-harmonically Injection-Locked VCO
Lout = Linj +20log N (4-1)
When sub-harmonic injection-locked oscillator is locked and return to steady state,
the frequency of oscillator will oscillate at N times of the frequency of input injected
signal. The relationship between phase and injected frequency is shown in (4-2). &s is
steady-state phase difference between input signal and oscillator signal, e is locking
range and s IS free-running frequency. It reveals that phase difference is constant if
the free-running frequency of oscillator is equal to N times input frequency of injected
signal [26]. In other word, the phase of oscillator will track that of input injected signal

when returning steady state.

Wosc — Na)l

Oss =sin~*( "y (4-2)

oL
This property indicates that the phase modulator can be accomplished by a simple
sub-harmonic injection-locked oscillator.
Assume the frequency ratio between injected frequency and oscillation frequency
is an integer N. Equation (4-3) is derived for the phase relationship of oscillator and
injected signal [23]. The change of phase for sub-harmonic injection-locked oscillator

is N times the change of phase of input injected signal.

Abpse = NAHinj (4-3)
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For an odd number N and assume only two phases, 0° and 180" , for injected
signal, the equation (4-3) can be rewritten to (4-4).
0, AGy; =0
Abpsc = o o (4-4)
180 ,A6,; =180

It implies that low frequency multi-phase injected signals have the ability to
modulate the high frequency oscillator rather than generating multi-phase oscillator for
BPSK modulation at RF frequency.

Fig. 4-2 displays the operating principle of BPSK modulation. (linjo) and (linj~)
represent 0° phase for symbol “0” and 180° phase for symbol “1” from baseband
injected frequency. For transmitting symbol “0” , a 0" input signal (right short solid
line) is injected and the oscillator is locked to the same phase (right long solid line); on

the other hand, the 180" input signal (left short dash line) is injected to drive oscillator

to 180° phase (left long dash line) if transmitter delivers symbol «1”.

Fig. 4-2 The diagram of phase modulation by sub-harmonic injection technique

4.2 System Architecture

4.2.1 The Proposed D-BPSK Transmitter

The proposed architecture of the DPSK transmitter, as shown in Fig. 4-3, is

composed of a single-to-differential buffer, a multiplexer (MUX), a pulse generator, an
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injection-locked ring oscillator (ILO), a PA, and a baseband circuit for D-BPSK

encoding.

The single-to-differential buffer produces multi-phase information for MUX.
Before injecting to the ILO, the signal is passing through the pulse generator for
optimizing injection strength. The baseband circuit generates digital data to drive
MUX and select correct phase signal. Therefore, the sub-harmonically injection-locked
ring oscillator performs phase modulation. That is the the phase of ILO depends on the
phase of injected signal as discussed in Chapter 4.1.2. Finally, power amplifier

transmitted the modulated RF signal to output.

Digital
TXpaTr D> Mgod
ILO TXou
I '
—
—
Pulse Matching
Gen. Network

Fig. 4-3 Proposed DPSK Transmitter with Sub-harmonic Injection-Locked Modulation

4.2.2 Design Specifications of the Proposed Transmitter

Error vector magnitude (EVM) is defined as the deviation of the constellation

points from their ideal positions [11].

The magnitude deviation (AiA) is small enough to be neglected when comparing
M

with phase deviation in this work, the relationship between EVM and phase error can

be expressed in (4-5) according to [32].
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AA 2
EVM = \/M +Gerrrms” = Gerr,rms (4-5)

The main factor that affects EVM performance is the phase error caused by
sub-harmonically injection-locked technique. As analyzed in Chapter 4.1.2, there’s no
phase error if the free-running frequency of oscillator is equal to N times input
frequency of injected signal in ideal environment. However, the frequency mismatch

due to the non-ideal effect in real circuit will induce the periodic phase error.

Equation (4-6) shows the connection between EVM and frequency deviation Af,
center frequency f, and N is the sub-harmonic injection ratio which affects the

performance of EVM significantly [31].

1 2 27 N - Af
EVM = Ggrr rms = \/T .[ (Cerr (1)) dt = ﬁ f (4-6)
INJ T, 0

The improvement of EVM is by setting N as small as possible. However, it means
that most circuit blocks operating at higher frequency, which consumes more power.
That is to say, there is a trade-off lying between power and EVM. Therefore, the

sub-harmonic injection ratio N is designed to be 9 in this proposed architecture.

To substitute the design parameter fo = 430 MHz, N is 9 and assume the worst
frequency deviation Af is 100 kHz , the EVM is smaller than 1% which obeys the

specification for this target.

The injection spurs resulting from sub-harmonic injection-locked technique are
discussed at [31], and (4-7) shows the connection to design parameter. The

performance of spurs also depends on the sub-harmonic injection ratio.
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N - Af

0

Spur(dBc) = 20log( ) (4-7)

The level of spur is -33.58 dBc with the same parameters which are substituted
into equation (4-6).

Another significant specification is maximum data rate which is dominated by
locking range o, as discussed in Chapter 3.2.2. According to (3-14), the locking range
o, of ILO must be larger than 27*6.366 MHz if maximum data rate is 10 Mbps. This
requirement of locking range for ring oscillator isn’t a tight specification for
transmitter.

The injection strength not only depends on the amplitude of injected signal but
also the pulse width. In this system, the pulse width is only the designed parameter
because the amplitude is rail to rail swing which is limited by voltage supply (0.5V).

Equation (4-8) shows the Fourier transform for a pulse with pulse width W=

D-T,yy+ Which D is duty cycle for injected signal whose period is Ty, and Ky
represents the injection strength.

Sin(Nz- D)

Kn =D -Ting Nz

(48)

N, the sub-harmonic injection ratio is 9, and the maximum injection strength Kgis
obtained by setting duty cycle D is 1/18. It is the optimum value of pulse width for

sub-harmonic injection oscillator.

To sum up, the maximum data rate determines the locking range of sub-harmonic
injected oscillator. Not only EVM but also spur is affected by the sub-harmonic
injection ratio mainly. Moreover, the injected pulse width is required to be designed
carefully for maximum injection strength. Above analysis provides insights into the
design of TX system. Finally, the specification of this work is shown in Table 4-1.
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Table 4-1 Designing Specifications of D-BPSK Transmitter

Process TSMC 0.18-um CMOS
Supply Voltage 05V

Operating Frequency 414 ~ 457 MHz
Max Data Rate 10 Mbps
Pout >-10 dBm
Modulation D-BPSK
Power Consumption <0.3mwW
Energy Efficiency <30 pJ/b

4.3 Circuit Implementation

4.3.1 Pulse Generator

E Vbody E
Time delayi J
Circuit
: E CKDelay
CK g Ot 12 j i
CK’
A

N CKiny
B CK’

CKDelay

N w

1

Fig. 4-4 Pulse Generator
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A pulse generator which is depicted in Fig. 4-4 is adopted for generating optimum

injected pulse width from an external clock reference (CKy;) as mentioned in Chapter

4.2.2. The pulse width of the pulse generator can be tuned through modifying the time

delay circuit with body-bias technique, and Fig. 4-5 displays the tuning range of pulse

width, and the range is from 400 ps to 2.3 ns at different corner conditions.

Pulse width (ns)

2.5

=
ol

=

o
ol

SS80

\ - ——
50 100 150 200 250
Vbody(mV)

Fig. 4-5 The pulse width tuning range

4.3.2 Sub-harmonically Injection-Locked Ring DCO

Fig. 4-6 displays a 3-stage sub-harmonically single-ended injection-locked ring

DCO in this work. The injection-locking technique is realized by shorting one of the

stages to ground through an NMOS, and this would make the transition edge of Vosc

align with that of V|y;. The output phase noise performance of a ring DCO can be

improved effectively with sub-harmonic injection-locked technique as discussed in

Chapter 4.1.2.
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Fig. 4-6 Single-ended Sub-harmonic Injection-Locked Ring Oscillator
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Fig. 4-7 Simulated Phase Noise of Ring Oscillator (Carrier@430MHz)

Fig. 4-7 displays the simulated phase noise of the single-ended injection-locked

ring DCO under free-run conditions, and it is simulated under TT corner with 27°
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temperature. As the figure shows, the phase noise for free-run DCO is -18.58 dBc/Hz,

-47.5 dBc/Hz, -75.4 dBc/Hz, and -99.57 dBc/Hz at frequency offset of 10 kHz, 100

kHz,1 MHz, and 10MHz. Table 4-2 summaries the simulated characteristic of the

DCO.

Table 4-2 Simulated characteristics of the DCO @ TT27 °

Item Value
Supply Voltage 05V
Current 198 A
Oscillation frequency 435 MHz
Phase Noise at 1 MHz -99 dBc/Hz
Digital Control bits 3 bits
Total Tuning Range 70 MHz

4.3.3 Power Amplifier

To achieve low-power operation, the class-E power amplifier is adopted in

ultra-low power supply (0.5V). An inverter inserted between DCO and PA acts as a

buffer for the purpose of isolation. The detailed circuit implementation with the output

impedance transformation is shown in Fig. 4-8.

The output 50-ohm matching at TXgur is accomplished by the tapped matching

work which is composed of the choke inductor L and capacitors C;, C,. Assume the

quality factor Q of inductor L is larger than 10, then the following approximation

establishes the impedance transformation in equation (4-9), where R, is output loading

whose value is usually 50-ohm.
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Fig. 4-8 Class-E Power Amplifier and Output Impedance Transformation Network

C,+C
' Rp z( 1 2
C,+C, C,

)*-R, (4-9)

The tapped output matching network is simplified as a LC tank. The DC current
(Ipa) required for a certain PA output power can be approximately estimated as

follows.
2
Ve ® o I Rp (4-10)

Here, Vgc is the voltage amplitude on LC-tank loading, and the TX output is
derived as equation (4-11). Given R = 50 ohms, C; = 10 pF, and C, = 4 pF, the

required lpa need to be larger than 295 pA for Poyr larger than -10dBm.

1
sC, IR, 2 SR2(C, +C,)
TXour #Vec =—lps (4-11)
i+(i||R ) 7 sR.C,+C, /(C,+C,)
sC, 'sC, = -

The simulated result is displayed in Fig. 4-9. Under TT corner with 27°

temperature the output power at TXout is -12.02 dBm. The spur is smaller than
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-40dBm as discussed

characteristic of the PA.

in Chapter 4.1.2. Table 4-3 summaries the simulated

rﬂomhss?xlos, -12.02dB)

-25.0

mM1(3.881x108 —47 7

dB) M2(4.834X108, -43.51dB)

-50.0 |

— -75.0

=
N H““““ m
-150.0

200

i
Al
AL

I
500
X0 (E6)

Fig. 4-9 PA Output Spectrum with injected signal

Table 4-3 Simulated characteristics of the PA @ TT27 °

Item

Value

Supply Voltage

05V

Current

295 pA

Oscillation frequency

435 MHz

Max Pout

-9.7dBm

Efficiency

62.5%
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4.4 System Simulation Results

The system simulation results displayed in Fig. 4-10 verifies the sub-harmonic

injected-locked modulation technique.

Baseband processing

VMUx(t) Vpulﬁe{l] Uusc[t VPA(t} D
Xtal | | A
Ref.CLK Buffer ILO PA External
MUX Pulse generator matching
network
vees— \fmuX(t) Ehase change Ph ase change

< 400| : |
£ ! | |
5200 I I I
2 ! I I
L 4
700 725 750 775

time (ne)

ow 3,2015

AW J 'l FFAY
v VPUISE(L)

S ==

time (ns)

—VT/DCoT) mmVﬂSC(t)

YR VOUAY

time (ns)

Fig. 4-10 Timing diagram of Proposed TX

4.5 Experimental Results

4.5.1 Die Photo

This chip is fabricated in TSMC 0.18-um CMOS 1P6M process and occupies a
core area of 0.8 mm?. As shown in Fig. 4-11, the whole system is divided into several
blocks: baseband circuit, injection-locked DCO, a pulse generator, and a power

amplifier for transmitting TX output signal. The supply voltage for all blocks is 0.5 V.
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A

c A: Baseband Circuit

3 B: Pulse generator & DCO
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Fig. 4-11 Die Photo of the Proposed TX

4.5.2 Measurement Environment Setup

The measurement environment setup is depicted in Fig. 4-12. LDO regulators
stabilize dc voltages which provided by Agilent E3646A power supply. Then,aR & S
SMLO3 signal generator generates the 44.45 MHz injection signal, and an Agilent
33250A waveform generator provides the 10 MHz baseband data clock. Finally, signal

analyzer (Agilent N9020A) measures the performance of the PA output signal.

PCB
B DC Supply

Data Clk I LDO |«
o . .", PA Agilent E3646A
Agllent 33250A > Output Power Supply

Waveform Generator | CHIP

@ In | n I ‘ D ARmETm e @ . -.F
R&S SML (44] 4?) %\14:2) Agilent N9020A
' Signal Analyzer

Signal Generator

Fig. 4-12 Measurement Environments
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4.5.3 PCB Design

A PCB is fabricated for testing and verifying the function of the proposed
D-BPSK transmitter as shown in Fig. 4-13. The 3-bit controlling signal with analog
voltage tunes DCO free-run frequency. AC input/output signals, such as PA output
signal, input clock signal, and baseband signal, are connected through SMA terminals.
The PA matching network, composed of shunt capacitors and series inductor, is also

welded on board.

Fig. 4-13 PCB for Testing

45.4 Measured Results

Fig. 4-14 shows the measured TX output spectrum at 410 MHz, and the system
output power is -18 dBm. Moreover the adjacent spur tone is less than -70 dBm. The
relationship between frequency and output power is depicted in Fig 4-15. It indicate

the output power remain -18 to -22dBm from 360MHz to 420MHz.
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Fig. 4-15 TX Output Power versus Frequency
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TX free-running output waveform is displayed in Fig. 4-16. The peak to peak
swing is about 74.4 mV. With output loading of 50-ohm, the output power is about

-18dBm, which is similar value to that measured one by signal analyzer.

2L

)
Sl i3 b BN R |
@ 5= 409.4MHz fILERATE

& s 74.4mV  75.3m  74.4m  78.4m  716M ‘[2-00"'5 ][5-0065/8 ] @ s U-OUVJ
[1 B 34.4mv_ 35.1m  34.4m  37.6m 508 W+v0.00000 s 10k 3k

Fig. 4-16 TX free-running transient waveform

TX output phase noise under free-run ring DCO, injection-locked ring DCO is
displayed in Fig. 4-17. This graph reveals that the phase noise of TX output carrier
signal is dominated by injection-locked technique. However, this measurement
indicates the injected strength is not enough, so the improvement of the phase noise is

limited.

The phase modulation in this work is achieved by sub-harmonic injection-locked
technique. In other word, the injection-locked step must be completed before
performing phase modulation. However, the measurement in Fig. 4-17 shows that the

injection does not function properly.
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Fig. 4-17 Measured TX Output Phase Noise

Table 4-4 displays the detailed power breakdown of the proposed transmitter. The
voltage supply is 0.5V for all blocks. Most power consumption is contributed by the
power amplifier and DCO because those blocks operating at RF frequency.
Nevertheless, the single-ended ring topology for oscillator and class-E PA reduce the

total power consumption significantly. The measured value is only 331 pW.

Table 4-5 summarizes the simulated results of the proposed TX and the

comparison to related works.

Table 4-4 Power Breakdown of the D-BPSK TX

Circuit Power (unW)
Baseband Circuit 56
DCO 128
PA 147
Total 331
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4.5 Experimental Results

Table 4-5 Comparison Table of the Proposed TX

Reference [21] [32] [18] Simulated | Measured
JSSC’11 | TMTT’12 | JSSC’11 Result Result
Technology 130 180 180 180 180
(nm)
Supply
1.2 1.4 0.7 0.5 05
V)
Modulation BFSK QPSK BFOK D-BPSK D-BPSK
Freq. Band ~ ~
(MH?) 400 915 920 414 ~ 454 | 414 ~ 454
Data Rate
(Mbps) 0.2 100 S 10 N/A
Power Con.
90 5600 700 294 331
(nW)
Pout
(dBm) -7 -3 -10 97 18
Energy/bit
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5.1 Conclusions

Chapter 5 Conclusions and Future Works

5.1 Conclusions

This thesis introduces ultra-low-voltage wireless transceiver for wearable
applications. The dynamic phase-to-amplitude conversion by injection-locked
oscillator diminishes power consumption of receiver. Furthermore, the transmitter with
the sub-harmonically injection-locked ring oscillator performs phase modulation

without power-hungry blocks such as multi-phase carrier generation.

Both transmitter and receiver adopt injection-locked technique and operate at 0.5
V for the purpose of high energy-efficient communication. The forward body bias skill
is used for reducing threshold voltage in ultra-low-voltage environment. Besides, this
technique can be utilized for the current tuning of transistor. Not only time-delay

circuit but also voltage-controlled oscillators require body-bias skill.

5.2 Future Works

Recalling from the experimental results in chapter 3.5, the sensitivity of receiver
does not meet the design of specification. To address the degraded sensitivity, a

direct-tail injected oscillator with differential injected path can be adpoted.
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