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Abstract 
 

A Study on Code-Modulated Synchronized-OOK Transceiver for Low 

Power Wireless Sensor Networks 

NGUYEN VAN TRUNG 

Doctoral Program in Electronics Engineering 

The University of Electro-Communications 

 

Wireless Sensor Networks (WSNs) currently has attracted significant attention 

because of its unlimited potential. Normally, a WSN composes of few or hundreds or even 

thousands spatially distributed sensor nodes which are able to sense, self-process and 

communicate through wireless channel. To satisfy these function, a sensor node often 

consists of sensor, microprocessor, memory, power supply and RF communication device. 

In which, transmission and reception using RF transceiver consumes most power of a sensor 

node. In condition that sensor node is supplied by limited power source, reducing power 

consumption of RF transceivers is critical to prolong lifetime of sensor node. Besides, along 

to technology advancement, wireless devices have been used popularly, which leads to a 

scenario that sensor node operates simultaneously with other nodes and other wireless 

devices in the vicinity. These easily become interference sources which can have negative 

effects on WSN. Such fact demands enhancing immunity of RF transceiver in WSNs.  This 

thesis studies to design a low power TRX system high immunity to interference using for 

low power WSNs. 

In order to achieve the target, this thesis considers several issues of modulation 

scheme, operation mode and hardware design. In terms of modulation scheme, the study 

exploits low power advantage of OOK and S-OOK system in combination with ability of 

withstanding to interference of spread spectrum technique to propose Code-Modulated 

Synchronized-OOK (CMS-OOK) scheme. CMS-OOK system not only reduce significantly 

power consumption but also enhance system immunity to interference by assigning different 

codes to different nodes. According to this scheme, DATA which needs to be sent, firstly, is 
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transformed to synchronized data (SDATA) including synchronized pulses and data pulses. 

By this way, data ‘1’ is represented by a synchronized pulse and a data pulse while only a 

synchronized pulse is used to display data ‘0’. Then, a code, which is generated in those 

pulses interval, is multiplied with SDATA to create Code-Modulated Synchronized Data 

(CMSDATA). Finally, this signal is modulated by 2.4GHz carrier and radiated to free space 

through antenna. In order to demodulate CMS-OOK signal is sent from the TX, CMS-OOK 

RX utilizes envelop detector and comparator structure in cooperation with digital correlator. 

Issue of synchronizing received signal and the pre-agreed code is addressed by using 2x- or 

4x-oversampling digital correlator.  

Regarding to operation mode, the system deploys intermittent communication or 

normally-off operation to decrease power consumption. Intermittent and normally-off 

operation mode are originated as a way of computing which is used for energy saving 

purpose. Authors who develop Beat sensor networks applied normally-off operation mode 

to their system and manifested its energy efficiency. Other group implemented their receiver 

with intermittent operation can reduce a half of power consumption. The challenge of these 

operation modes is the settling time of carrier oscillator. Whenever sensor node wants to 

send a data, it takes time to settle the carrier oscillator from sleep (intermittent operation) or 

power-off (normally-off operation) state. This time is call settling time. During this time, RF 

TX consumes amount of energy. The longer settling time of TX is, the more power is 

dissipated. The proposed CMS-OOK TX utilizes low power ring oscillator (RO) as carrier 

generator, which usually has short settling time. Whereby, TX can be almost completely 

turned-off (normally-off operation) or consume a small sleeping power (intermittent 

operation) when no data is sent and wake-up fast from the power-down state or sleep state 

to start transmitting data. This short wake-up time helps CMS-OOK TX save more power 

than that of other TXs which use crystal oscillator or PLL oscillator with high stable 

frequency but long setting time. 

Relating to hardware design, the thesis considers about architecture, circuit design 

and fabrication technology. Firstly, 65nm SOTB CMOS technology is chosen for 

implementation of CMS-OOK TRX system. With valuable features such as low operation 

voltage, small leakage current, ability of body bias control, SOTB CMOS commensurate 
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with low power applications. Besides, the thesis also investigates RF characteristics of 

SOTB devices. A pair of SOTB NMOS and PMOS with gate length of 60nm, total width of 

8x6µm = 48 µm were designed, fabricated and evaluated. Devices evaluation results show 

cut-off and maximum frequency of NMOS are, respectively, 40GHz and 28GHz, while those 

of PMOS are consequently 26GHz and 20GHz. These frequencies are far higher than 

2.4GHz frequency, the target frequency of the proposed CMS-OOK TRX, which guarantees 

that these devices are able to use for RF applications.  

Basing on SOTB devices, a pair of 2.4GHz TX and RX using CMS-OOK modulation 

scheme are designed, simulated and fabricated. On TX side, OOK modulation allows to 

utilize large jitter carrier oscillator like ring oscillator (RO) as well as high-efficiency and 

low-linearity E-class power amplifier. This contributes on reducing power for TX. Besides, 

thanks to code modulation and sweeping body bias voltage of SOTB devices, bandwidth of 

TX output spectrum is widen and peak power of spectrum is reduced. Evaluated results of 

65nm SOTB device-based CMS-OOK TX chip show that the TX consumes average 83µW 

at 1kbps data transmission and achieves -62dBm/MHz power spectral density with 15MHz 

bandwidth (using 31-bit code), which satisfies the FCC radio regulations.  On the other side, 

we also propose a CMS-OOK RX which, then, is simulated and fabricated on 65nm SOTB 

CMOS. The RX consists of analog RF front-end including a low noise amplifier (LNA) in 

series with 4-stage RF amplifier, followed by envelope detector and comparator, and a digital 

part at the end. LNA and RF amplifier contribute on reducing noise figure and increasing 

gain to improve RX sensitivity. In digital part, a 2x-oversampling digital correlator is used 

to decode received CMS-OOK signal in order to recover data clock and data sent from the 

TX. The digital part also generates a window pulse (RFENA) to turn-on and turn-off RF 

front-end to save power consumption.  By simulation using SOTB CMOS models, analog 

part of the RX consumes average 38.8µW at 1kbps data rate with -76 dBm sensitivity. 

Besides, system simulation shows a 10 times lower BER of CMS-OOK system in 

comparison with that of OOK system in condition that interference is not too strong, which 

states that immunity of RX is improved. Experiment results of TRX system with discrete 

TRX RF modules and FPGA board show that CMS-OOK scheme can be implemented 

successfully. 
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CMS-OOK TRX brings to us a lot of benefits when applied to low power WSNs.  

Firstly, in term of power consumption, as the wake-up time is very short, the CMS-OOK TX 

nearly consumes no power during this time. This helps the TX save much power in 

comparison with other TXs using crystal oscillator or PLL oscillator. For example, in an 

experiment in our laboratory with  a normally-off WSN using LoRa TRX with crystal 

oscillator shows that the wake-up time takes 150ms and TX consumes average 25mW, this 

means TX consumes total 3.75mJ which even is much higher than required power to send 

necessary data (2.5mJ). On the RX side, applying S-OOK technique in combination with 

code modulation reduces significant power consumption. Saved power is depends on the 

ratio between data bit duration and synchronized pulse duration.  As a result, maintaining 

power supply for TRX becomes more relaxed, which is suitable to EHWSN with intermittent 

or normally-off operation. Secondly, Code-Modulation and sweeping body bias voltage in 

TX are spreading spectrum technique which produces numerous advantages. With wider 

bandwidth and lower peak power transmission, CMS-OOK TRX easily satisfies the radio 

regulations. Moreover, spreading-spectrum technique helps TRX increase not only the 

sensitivity but also the immunity to interference of RX by 4dB in signal to interference ratio 

(SIR) in comparison with that of OOK TRX. This means communication range and 

reliability of TRX are enhanced. With these benefits, CMS-OOK TRX can be applied for 

low power WSNs. 
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Chapter 1 

Introduction 

 

 

In this chapter, the background of Wireless Sensor Networks, energy harvesting Wireless 

Sensor Networks with intermittent and normally-off operation modes and interference in 

wireless communication are presented. Then, the purpose of the study is shown through the 

challenges to achieve study targets. Finally, that is the dissertation layout for clarifying the 

structure of this dissertation. 

1.1   Research background 

 

1.1.1 Wireless sensor networks  

Recently, Internet-of-Things (IoTs) has been emerged as one of the most important parts of 

current technology revolution. It helps to realize communication between a lot of objects, 

machines and devices [1-1, 1-2].  Wireless Sensor Networks (WSNs) are the key elements 

of the IoTs because they can help users to interact with their environment by sensing or 

controlling physical parameters. Collaborating of individual nodes is a good way to fulfill 

tasks that single node is incapable of doing so. Because of downsides of wire communication 

such as high cost, less flexibility and mobility and so on, wireless communication is 

commensurate to enabling this collaboration. Applications of WSNs lie on various sections 

from environment monitoring, smart home to medical applications and so on. Besides, recent 

advances in technology have made it possible to produce not only tiny size with multiple 

sensors but also low power consumption, low cost, adaptability, mobility and convenience. 

These make the usage of WSNs be increasing exponentially and become an attractive object 

to many researchers. [1-3, 1-4] 
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 A WSN normally composes of few to several hundreds or even thousands spatially 

sensor nodes which are capable of sensing, data self-processing and communicating to the 

others through wireless channel [1-5] as shown in Fig. 1.1. In order to fulfill these functions, 

a sensor node (SN) often consists of five main components: sensors/actuators, 

microcontroller, memory, power supply and communication device (Fig. 1.2). In which,  

microcontroller is the heart of a wireless sensor node because it accumulates information 

from the sensors, self-processes this data, makes decision of when and where to send the 

data, receives data from other sensor nodes, and decides react of the actuators. The sensors 

monitor and collect necessary data from its objective in shape of electrical signals which are 

led to the controller via Analog to Digital Converter (ADC). The actuators are used to 

execute commands from the controller corresponding to a particular task such as controlling 

a motor, a light and so on. In many cases, it is necessary to use memory to store intermediated 

sensors data, packets from other nodes, and so on. Next component of the sensor node is 

radio communication device which establishes wireless connections to the other sensor 

nodes. Normally, it is convenient to use a communication device which combines transmitter 

(TX) and receiver (RX) as a single entity called transceiver (TRX). All sensor node is 

powered up by power supply which can be batteries or energy harvesting circuits with 

limited amount of energy, hence limiting the sensor node lifetime. Popularly, battery can 

Fig. 1.1: Wireless Sensor Networks 
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rarely satisfy design goals of long network life time and high reliability while energy 

harvesting circuits, which convert various kinds of energy to electrical energy, can guarantee 

for long lifetime but high cost. A hybrid circuit which is a combination of energy harvesting 

circuit and batteries has desirable potential to deal with the trade-offs of long lifetime and 

reasonable low cost [1-6]. 

 In order to build a WSN, designers firstly need to understand the requirements and 

challenges. Depending on applications, the requirements of WSNs are various. However, 

generally below metrics are considered [1-4, 1-5]: 

- Quality of service: Depending on type of specified applications, quality of service 

can be high reliability or latency or others.  

- Lifetime: This is a very important figure of merit (FOM) of a WSN. In many 

scenarios, sensor node operation has to rely on a limited power supply (batteries or 

EH circuits or hybrid). It is usually not practicable to replace these energy sources 

because of huge number of sensor nodes. Thus, WSNs are expected to operate at 

least for a given mission time or as long as possible. It is noticeable that lifetime has 

direct trade-offs against quality of services, which need to be considered carefully in 

designing WSNs. 

Fig. 1.2: General architecture of a Sensor Node 
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- Scalability: As the number of sensor nodes can be huge, the employed design must 

be able to scale to that number. 

- Maintainability: The WSNs must be able to change to adapt to change of ambient 

environment and itself.  

- Mobility: It is ability of the WSN to handle mobile nodes and changeable data paths. 

- Programmability: WSN with changeable programming can not only self-process 

information but also react flexibly on changes of it tasks. 

1.1.2 Energy harvesting WSN with intermittent and normally-off operation 

As regarded in previous section, lifetime is one of the most important requirements of a 

WSN. The sensor nodes lifetime mainly depends on the battery capacity. However, the 

sensor nodes expenditure is a critical issue in practical WSNs designing. It is usually 

economically advantageous to discard a sensor nodes rather than sensor nodes recharging 

Fig. 1.3: Power schematic of transmitter in 

a) Intermittent operation and b) Normally-off operation  
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[1-7]. There is a range of approaches for resolving this issue is proposed in [1-7 - 1-15] such 

as collecting energy from ambient environment [1-7 – 1-10, 1-15], routing algorithm [1-11, 

1-12], developing power management method [1-13, 1-14, 1-15], etc. One of the most 

interesting technique to prolong the WSNs lifetime is Energy Harvesting (EH) in which the 

sensor nodes can recharge their batteries by harvesting renewable energy from ambient 

environment, such as sunlight, vibration, wind, radio signal and so on, then store it in a 

battery or super-capacitor [1-16]. This helps WSNs operate quasi-perpetually due to the large 

number of recharge cycles while the surrounding energy source is nearly unlimited.  

 Regularly, EH circuits often harvest and buffer energy, then produce for the SN 

operating as soon as sufficient energy is banked. As energy is not always available or it takes 

time for harvesting and buffering enough energy to do a useful amount of work, operation 

in EHSN is usually intermittent [1-15]. Another effective operation mode for EHSN is 

deploying normally-off radio TRX, which directly cuts down the power consumption of the 

TRX. Both intermittent and normally-off operation are the ways of computing which switch 

to sleep mode or aggressively powers off components of computer systems when they need 

not to operate [1-13, 1-15, 1-16]. The authors in [1-9, 1-10] applied and develop normally-

off operation mode to BEAT sensor network which shows a very low power consumption. 
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Fig. 1.4: Power consumption comparison between conventional 

operation and normally-off operation [1-14]  
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Moreover, the low-power sensor node using normally-off MCU architecture in [1-14] can 

reduce its power consumption by around 70% (Fig. 1.4). In [1-16], thanks to intermittent 

operation, the RX consumes only a half power in comparison with full-time operation. The 

power schematic of TX in intermittent and normally-off operation mode are shown in Fig. 

1.3. With intermittent operation in Fig. 1.3a), SN often sleeps with small power consumption 

when no data needs to be sent. As soon as it needs send a data, the oscillator is waken-up 

firstly then TX will transmit the data. As can be seen from Fig. 1.3b), when there is no data 

needs to be sent, the TX in the sensor node is in power-off state for saving energy. Whenever 

the TX needs to send data to other nodes, it will be powered up to transmit data through 

wireless channel. In both cases, carrier oscillator of the TX require a time duration to start-

up before becoming stable to transmit data. This settling time can be short or long, which is 

depends on what kind of oscillator is deployed. Anyways, it is obvious that the longer start-

up time of oscillator is, the more power TX is consumed definitely. Hence, finding out a 

solution to reduce start-up time of TX carrier oscillator promises much power consumption 

cut-down. 

1.1.3 Interference in wireless communication – Radio regulations 

Inside WSN

External Interference 
Sources

Fig. 1.5: Interferences in the vicinity  
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 Wireless system designers always have to cope with interferences from both natural sources 

and other users of medium [1-18]. Especially, advances of technologies make demand of 

connections become more and more, which leads to a scenario that any wireless system has 

to live with interference created by other systems in the vicinity (Fig. 1.5). Besides, as the 

fact that exploiting very high frequency applications up to hundreds GHz or beyond face to 

many tough challenges, radio frequency is a valuable and limited resources. For example, 

2.4 GHz ISM band is the most widely used frequency by applications of WiFi, ZigBee, short-

range communication, and so on. Such a fact makes wireless systems have to share the same 

frequency band, which is easily to create negative effects on other systems. Bad impacts of 

interference often make performance of WSNs become worse, from reducing quality of 

services to congest the communication, even blocking the communication in WSNs. 

Therefore, all wireless systems must be robust against interference from other systems. 

 As regarded above, sharing common valuable frequency resource easily creates 

interferences to other same frequency band. In principle, the stronger desired signal power 

in comparison with the interferences, the less negative effects on the system are. However, 

that can result in a race of increasing TX power, which makes the situation become worse 

and worse. That such fact demands a radio regulations to guarantee that wireless systems 

can operate functionally with less bad effects from the others. Hence, while developing 

wireless systems, designers have to consider to not violate the radio regulations. 

1.2  Purpose of the study 

It is noticeable that most energy of a sensor node is consumed in transmission and reception 

data by its radio TRX. A study in [1-5] shows that about 77.5% of total sensor node energy 

Component Percentage (%)

Sensor 6.8

CPU 15.7

Transceiver 77.5

Total 100

Table 1.1: Energy contribution in a sensor node 
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is spent by the radio TRX (Table 1.1). In other work in [1-19] estimated the energy 

consumption for communication, processing, transient, sensor loggings and sensing of a 

low-energy adaptive clustering hierarchy sensor node. The pie chart describing of 

components is shown in Fig. 1.6. It is easy to realize from this pie that more than a half of 

total sensor node energy is spent on wireless communication.  

In major of WSNs study, main energy sources supplying for the sensor node are portable 

and limited sources such as battery or energy harvesting (EH) circuits. This can lead to a 

situation that whenever power source becomes exhausted, the sensor node no longer 

complete its duty unless the power source is replenished. Besides, battery-powered WSNs 

also reveal other disadvantages such as inconvenience in replacing for numerous number of 

sensor nodes, capability of posing an environment risk, etc. EH-WSNs accumulating power 

from renewable source in ambient environment is an excellent solution to address the battery 

issue. However, even in that such case, power supply still is not unlimited. Thus, it is 

necessary to use the power effectively to prolong the sensor nodes lifetime.  

There are various methods which were proposed to increase lifetime of sensor nodes, in 

which reducing power consumption of radio TRX, including both TX and RX, is the best 

Fig. 1.6: Power distribution in the low-energy adaptive 

clustering hierarchy sensor node 
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effective and directly way to improve sensor node lifetime. Dealing with this issues demands 

designers to consider a combination of following issues: 

 Modulation scheme 

This is one of the most effective factor to reduce power of TRX system. It completely 

decides the structure of TRX is complex or low-complex, which directly effects on 

the power consumption of TRX. The simpler modulation scheme, the more power 

consumption cut-down. 

 Operation mode 

This controls the way TRX operate. It decides whether TRX works continuously or 

intermittent or periodically, or in cooperation with wake up receiver and so on.  

 Frequency band 

This has effects on the selection of device technology and circuit topologies. Also, it 

constrains the specification of TRX system under the radio regulations at that 

frequency band. 

 Low power architecture and circuit 

Basing on the modulation scheme considered above, the architecture of TRX is 

sketched. To deploy TRX corresponding to the designed structure, low power circuit 

topologies are considered and exploited carefully. 

 Device technology 

It is obvious that development of RF TRX is always accompany with the pace of 

device technologies. Designers need to consider to select the best suitable and 

feasible technology for their design. 

 Besides, in circumstance that there are a lot of co-allocated RF devices operate 

simultaneously, robustness against noise and interference from environment and other RF 

systems is a crucial metric needs to be considered. These unwanted signals can come from 

other TXs sending in the same band at the same time (multiple access interference) or from 

other devices such as microwave ovens, these create co-channel interference. Adjacent-

channel interference works in a neighbor band of TRX can inject a part of it power to TRX 

because of poor-slope filters [1-5]. All of them can make errors for TRX operation, this often 

is estimated via symbol or bit error rate (SER or BER). SER or BER of TRX system depends 
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on the actual modulation scheme and on the ratio of the received signal power and the noise 

and interference power (SNIR). In theory, the lower SNIR is, the smaller SER or BER is. 

There are some solutions for TRX robustness against interference such as using angle 

modulation (frequency and phase modulation) or utilizing coherent receiver or applying 

spread spectrum technique. These solutions produce not only good resistance against 

interference but also excellent sensitivity. However, they cost complex structure and as a 

consequence, consume more power.  

 Thus, addressing this trade-offs between low power operation and robustness against 

interference is one of the purposes of this study. 

 In addition, this study also concerns about the communication range of the TRX 

system according to the range of WSN applications. Theoretically, communication distance 

can be increased by raising TX output power, RX sensitivity and gain of the antenna. 

Consider in the case of same antenna, we can lengthen communication range by increasing 

TX output power or enhancing RX sensitivity or both. Regarding to the former solution, 

increasing output power of TX can be done easily but the downside of this is that TRX 

system can suffer violence the radio regulations. On the other hand, improving sensitivity is 

very popular but it often costs more power consumption. These trade-offs also are the other 

objective of this study. 

 In general, in this study, we focus on finding the solutions to design a TRX system 

with low power consumption, robustness to interference and good communication range 

which is used for low power WSNs. 

1.3  Dissertation layout 

The dissertation composes of seven chapters as followed: 

 Chapter 1 gives an overview of WSNs in terms of requirements, specifies the purpose 

of the study and the challenges need to be addressed to fulfill the objective. 

 Chapter 2 present the consideration in low power design in terms of modulation 

scheme, operation mode, architecture and circuit, and device technology to give the 

solutions to cope with the challenges shown in Chapter 1. 
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 Chapter 3 presents a new modulation scheme so-called as Code-Modulation 

Synchronized-OOK (CMS-OOK) with the waveform, architecture and basic benefits 

of this scheme 

 Chapter 4 describes the architecture of CMS-OOK transmitter with low-complexity, 

suitability to normally-off operation mode. A CMS-OOK TX using sweeping body 

bias technique based on 65nm SOTB CMOS technology is designed, simulated and 

evaluated. 

 Chapter 5 demonstrates architecture of CMS-OOK receiver which allows to increase 

sensitivity and enhance resistance to interference. A CMS-OOK RX is designed, 

simulated and fabricated in 65nm SOTB CMOS technology. 

 Chapter 6 analyze the benefits and consider the suitability of CMS-OOK TRX to low 

power WSNs. 

 Finally, Chapter 7 summarizes the research issues and the achieved results; discusses 

limitations need to continue dealing with in the future. 
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Chapter 2 

Considerations of Wireless Sensor Networks for Low Power, 

Longer Communication Distance and Immunity to Interference 

 

 

In this Chapter, some issues of low power consumption, lengthening communication 

distance and enhancing immunity to interference of TRX are considered. Basing on that, 

some potential solutions will be proposed and considered to apply. 

2.1 Low power TRX design 

Designing radios with ultra-low-power consumption is always an attraction and challenge to 

RF designers. It can enable a lot of new and exciting applications such as WSNs, IoTs and 

so on. As RF TRXs often consume most of the power budget in small SNs [2-1], decreasing 

TRX power consumption is a useful way to reduce device size as well as increase lifetime 

of SNs. In principle, RF TRX designing often must deal with numerous trade-offs, that is a 

complex relationship between power, sensitivity, noise, frequency, gain, linearity and supply 

voltage. Thus, cutting down radio power can be challenging. For purpose of low power, 

designers must consider to sacrifice one or more other metrics.  

2.1.1 Link budgeting 

Consider a representative WSN system operating with 2.4GHz carrier frequency in short 

range communication. The minimum TX output power can be calculated based on Friis 

equation for free space as a baseline case [2-2]: 
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𝑃𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 = 𝑃𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡 + 𝐺𝑎𝑛𝑡𝑒𝑛𝑛𝑎 + 20 log10

𝜆

4𝜋𝑑
                        (2 − 1) 

where λ is the carrier wavelength and d is the distance between TX and RX. According to 

equation (2-1), in free space a 10m link suffers from about 60dB of path loss at 2.4GHz band. 

With a typical surface mount antenna for 2.4GHz has a gain of 0dBi and other reasons can 

make TX signal experience as much as 30dB loss, TX should have output power of 0 dBm 

[2-3]. In order to achieve successful operation of TRX, the condition of “Preceiver is higher 

than RX sensitivity” must be guaranteed. Maximum communication distance is fulfilled 

under condition of Psensitivity = Preceiver is satisfied. Therefore, communication distance d can 

be raised by increasing power of TX or increasing sensitivity of RX. It is notice that 

increasing power of TX must guarantee to not violate the radio regulations while improving 

sensitivity of RX often cost more power consumption by using LNA and RF amplifiers. 

2.1.2 Modulation scheme and architecture 

To achieve low power operation, designer has to optimize across all design layers from 

modulation scheme, architecture to circuits and devices. One of the most effective way to 

reduce power is decreasing the complexity of modulation scheme which leads to make 

architecture of TRX become simpler. Conventional super-heterodyne TRX architecture 

Fig. 2.1: A generic low-complexity TRX system architecture 
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often adopts quadrature amplitude modulation (QAM) or angle modulation [2-3]. Although, 

this structure has a lot of advantages, it also brings more additional complexities into TRX 

system such as phase-locked loop (PLL), high-linear power amplifier (PA). Of course, this 

means the power of TRX increases. 

 Employing a non-coherent modulation scheme such as On-Off Keying (OOK) can 

significantly simplify the architecture of TRX, such as eliminating the PLL, using nonlinear 

but high efficiency PAs which allows to reduce further power consumption. Hence, low 

power TRX designers have trend of utilizing OOK modulation scheme with low-complexity 

architecture as shown in Fig. 2.1. For the same reason, RX structure with envelope detector 

or super regenerative is prefer. However, adopting this kind of modulation scheme with low-

complexity architectures has to face to trade-offs performance in terms of sensitivity, 

spectral efficiency, resistance to interference etc. Fig. 2.2 shows a low power radio survey 

in recent time [2-4 – 2-18]. As can be seen, most of OOK RX consumes lower power in 

comparison with FSK and PSK RX. 

This study endeavors to achieve better spectral efficiency, immunity to interference 

at low power operation. 

Fig. 2.2: Power versa sensitivity radio survey 
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 2.1.3 Operation mode 

Normally, the active power of TXs is usually much higher than that of RX [2-19]. Thus, one 

of the best way to reduce power consumption of TRX is cutting down power consumption 

of TX. Intermittent and normally-off operations which are discussed in Chapter 1 are the 

most directly efficient solutions. In order to achieve reducing energy with this operation 

mode, carrier oscillator of TX must be designed in such a way that TX will completely turn-

off or consume a tiny power when no data is sent but wake-up quickly from power-down 

state to start transmitting data. A comparison between settling time of a ring oscillator, two 

PLL oscillators and a crystal oscillator is carried on and the comparison results are exhibited 

in Table 2.1. Obviously, the RO has the shortest-settling time in comparison with other kinds 

of oscillator, which indicates that RO is completely suitable to intermittent and normally-off 

operation.   

 It is popular that OOK TRXs often utilize ring oscillator as carrier source. Besides, 

as regarded in previous section that OOK modulation scheme is usually preferred for low 

power purpose. This suggests that OOK TRXs using ring oscillator with low power and 

short-settling time can reduce huge power when they operate in normally-off or intermittent 

mode.  

2.2 Spread-spectrum technique 

SS communications with its inherent interference attenuation capability and low peak power 

spectral density has been very popular. These crucial features of SS technique are noticeable 

for finding solutions to improve immunity to interference of TRX and increase the power of 

TX while still ensure to meet radio regulations. 

Table 2.1: Settling time comparison  

 

ISSCC'15

[2-20]

IRFICS'18

[2-21]

LoRa

[2-22]

JSSC'16

[2-23]

Type of Oscillator PLL PLL Crystal Ring Oscillator

Settling time 15µs 0.4µs 250µs 0.5ns

Frequency Accuracy High High High Low
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 Several of the techniques are “direct-sequence SS” (DS-SS) modulation in which a 

fast pseudo-randomly generated sequence is multiplied with low rate DATA need to be sent, 

“frequency hopping SS” (HFSS) in which the carrier is caused to shift frequency in a 

pseudorandom way and “time hopping SS” wherein burst of signal are initiated at 

pseudorandom time [2-24, 2-25]. Among them the first is the simplest in implementing the 

hardware. 

 A simple SS communication channel is shown in Fig. 2 [2-26]. It is noticeable that 

the SS RX must pre-understand the code of the TX. So that the RX can demodulate to recover 

data by using matched filter. RX can utilize analog matched filter or digital matched filter 

depending on the situation. RX with analog matched filter can receive SS signal from TX 

with very low SNR and TXs can use the same frequency band to communicate without 

making interference to the others. However, structure of analog matched filter is complex 

according to high power consumption. For low power operation, digital matched filter which 

is deployed in digital circuit is more reasonable, but it cost limitation of interference 

resistance. This will be discussed more in Chapter 6. 

 Besides, as soon as SS technique is used for TRX system, it produces wider 

bandwidth signal and process gain which helps sensitivity of RX increase. Sensitivity of a 

SS communication system is calculated as below [2-24, 2-25]: 

𝑃𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦[𝑑𝐵𝑚] = 𝑁𝐹(𝑑𝐵) + 𝑘𝑇𝐵𝑅𝐹[𝑑𝐵𝑚] +
𝐸𝑏

𝑁0

[𝑑𝐵] − 𝑃𝐺(𝑑𝐵)              (2 − 2)   

Fig. 2.3: Spread Spectrum Communications system 
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where NF is noise figure of RX, k = 1.38∙10-23 J/K is Bolztmann constant, T = 290K at room 

temperature, BRF is RF carrier bandwidth in Hz which is equal to chip rate for the SS system, 

Eb/N0 is signal to ratio (SNR) corresponding to a given bit error rate (BER), PG is process 

gain which is calculated by the ratio between code rate and data bit rate. Hence, we can 

rewrite above equation for SS system operates at room temperature as followed: 

𝑃𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦[𝑑𝐵𝑚] = −174 + 𝑁𝐹(𝑑𝐵) + 10𝑙𝑜𝑔𝐵𝑅𝐹[𝐻𝑧] +
𝐸𝑏

𝑁0

[𝑑𝐵] − 𝑃𝐺(𝑑𝐵)     (2 − 3) 

Comparing with sensitivity of general RX which is calculated according to equation (2-4) 

[2-26]: 

𝑃𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦[𝑑𝐵𝑚] = −174 + 𝑁𝐹(𝑑𝐵) + 10𝑙𝑜𝑔𝐵𝑅𝐹[𝐻𝑧] +
𝐸𝑏

𝑁0

[𝑑𝐵]           (2 − 4) 

It is easy to realize that with the same bandwidth of signal, SS RX can improve the sensitivity 

by process gain PG [dB]. Thus, this study intends to apply spread spectrum technique to the 

proposed TRX system in order to exploit its advantage of excellently withstanding to 

interference.  

2.3 RF Characteristics of 65nm SOTB CMOS Device 

The Silicon-On-Thin Buried Oxide (SOTB) CMOS, which is one of the FD-SOI CMOS 

processes, has been developed recently with  a lot of advantages in comparison to 

Fig. 2.4: The structure of SOTB CMOS 
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conventional BULK CMOS [2-27 - 2-29]. These merits indicate that the SOTB CMOS is a 

brilliant candidate for low voltage, low-power applications [2-30, 2-31]. 

Figure 2.4 shows the cross section of SOTB CMOS devices [2-28, 2-29]. Unlike 

conventional SOI CMOS with a thick BOX layer, SOTB CMOS has much thinner BOX 

thickness of about 10nm and has deep Nwell layer, thus the body voltages of PMOS and 

NMOS can be controlled separately. As a result, designers can control operation of circuits 

using SOTB devices easily by adjusting body bias voltage. Changing in body bias voltages 

SOTB CMOS

Fig. 2.5: Chip photo of investigated SOTB 

CMOS 

Fig. 2.6: Measured FT and Fmax of 65nm SOTB CMOS at 

Vd = 1.2V, Vg = 0.65V, Vb = 0 for NMOS 

Vd = - 1.2V, Vg = -0.65V, Vb = 0 for PMOS 
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is consequence in variation of threshold voltage of SOTB devices, and then of devices 

operation. This feature is very useful because it helps us change frequency of a based-on 

SOTB devices oscillator circuit by varying body bias voltage of NMOS and PMOS. 

Besides, being a kind of SOI device with small drain conductance SOTB devices 

help analog circuits using them can operate at low voltages [2-30]. Whereby, SOTB devices 

are commensurate with low power design. 

A question that is SOTB device suitable to RF circuit design or not? To answer this 

question, we, firstly, investigated RF characteristics of SOTB NMOS and PMOS. A couple 

of 8-finger SOTB NMOS and PMOS with same size of 6um width (48um total width) and 

60nm length were laid-out, fabricated and evaluated. Micrograph of the fabricated CMOS 

chip is exhibited in Fig. 2.5.  

Evaluation of SOTB CMOS RF characteristics was carried out under followed 

conditions: Vd = 1.2V, Vg = 0.65V, Vb = 0 for NMOS and Vd = - 1.2V, Vg = -0.65V, Vb = 0 

for PMOS. Measured results of the cut-off frequency FT and the maximum oscillation 

frequency Fmax of the CMOS are shown in Fig. 2.6. It is easy to see that the SOTB NMOS 

owns quite high FT and Fmax of 40 GHz and 28 GHz, respectively, while those of PMOS are 

consequently smaller values of 26 GHz and 20GHz [2-31]. In comparison to operation 

frequency 2.4GHz of proposed CMS-OOK TRX in this study, these values are much higher. 

This guarantees that 65nm SOTB CMOS is capable of implementing well for 2.4 GHz band 

application designs. 

2.4 Conclusion 

In this Chapter, consideration of TRX system in terms of power, communication distance 

and immunity to interference is present.  

 In order to reduce power consumption of TRX, intermittent and normally-off 

operation of TX is selected in combination with utilizing low-complexity architecture of 

OOK TRX. 65nm SOTB CMOS devices are chosen for implementing physical TRX system 

because of its excellent advantages. Especially, body bias control of SOTB CMOS can 
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diffuse spectrum of carrier frequency, which results in spreading spectrum of TX output 

signal. Whereby, bandwidth efficiency of the TRX is improved. 

 Regarding to lengthening communication distance, solutions to increase TX output 

power and RX sensitivity are considered. Among them, spread spectrum technique by code 

modulation in combination with sweeping carrier frequency by controlling body bias voltage 

of SOTB devices are applied. Thanks to this combination, not only TX output power can be 

raised without radio regulations violence but also TRX has more process gain to increase 

sensitivity. Moreover, this also can help TRX improve immunity to interference by widening 

BW and assigning different codes to different TXs.  

 Based on above considerations and selections, a new modulation scheme is proposed 

in Chapter 3 and implementation of a TRX system based on 65nm SOTB CMOS technology 

was carried out and evaluated in Chapter 4 and Chapter 5. 
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Chapter 3 

Proposal of Code-Modulated Synchronized – OOK 

Modulation Scheme 
 

 

 

In order to achieve ULP operation, it is necessary to optimize across all design layers, 

ranging from modulation schemes and architectures to circuits and devices. One of the most 

efficient ways to reduce power is to decline the complexity of the modulation schemes, 

which normally also decreases the overall architectural complexity [3-1]. According to a 

survey on energy efficient modulation and coding techniques for WSNs, the modulation and 

coding process are very important to improve the energy efficiency and BW efficiency of a 

wireless networks. It is popular that non-coherent modulation scheme such as OOK and FSK 

are mostly modulation used in sensor node radio TRXs. These schemes not only greatly 

simplify the architecture of TRX but also are compatible with nonlinear but high efficient 

PAs [3-2], which enable a further reduction in power consumption. In which, direct-

modulation TX architectures utilizing OOK modulation scheme and RX with envelope 

detector or super-regenerative architectures are prefer. Besides ULP issue, in the fact that 

there are a lot of radio devices operating simultaneously in the vicinity of the TRX [3-1, 3-

2]. In this scenario, improving reliability of TRX means enhancing the resistance to 

interference. In this section, we propose a Code-Modulated Synchronized-OOK (CMS-

OOK) scheme which helps us not only reduce power consumption but also enhance 

immunity to interference. 



 
 
 

29 
 

3.1 Synchronized-OOK modulation 

The Synchronized-OOK modulation scheme is firstly witnessed in the Impulse-Radio Ultra 

Wide band (IR-UWB) TRXs of M. Crepaldi [3-3], and then is used in the TRXs system of 

M. T. Hoang in [3-4]. Theoretically, in the conventional OOK modulation, RF carrier 

appears during whole duration of data ‘1’ and absents from time of data ‘0’ (Fig. 3.1a). In 

difference to this, S-OOK signal is established by two kinds of pulse: synchronized pulse 

and data pulse. According to this, data ‘1’ is displayed by two pulses including a 

synchronized pulse and a data pulse, while data ‘0’ is represented by only one synchronized 

pulse (Fig. 3.1b).  

 Fig. 3.1a) shows the waveform of a data needs to be sent (DATA) and the 

corresponded conventional OOK RF signal. It is easy to realize that RF carrier signal appears 

continuously during data ‘1’ pulse width, Tb. Thus, OOK TX here consumes power during 

this time. On the other hand, the sent data (DATA), S-OOK baseband signal (SDATA) and S-

OOK RF signal are described in Fig. 3.1b). This figure informs that S-OOK TX only expends 

power during only duration of synchronized pulse and data pulse Tp, which is much smaller 

than Tb. As a result, to send a data at the same rate with the condition that OOK TX and S-

OOK TX have same average power Pavg, the energy is used for transmitting a pair of data 

‘1’ and data ‘0’ of S-OOK TX is Tb/3Tp times lower than that of OOK TX. With Tp is much 

shorter than Tb, S-OOK TX swallows much smaller energy than OOK TX does. Besides, 

Fig. 3.1: a) Conventional OOK signal 

                                             b) S-OOK signal  
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this also leads to another effect that BW of S-OOK RF signal is wider than that of OOK RF 

signal.  

 In [3-4], authors implemented and evaluated S-OOK RX chip based on 65nm SOTB 

CMOS technology. It is noticeable that complicated clock and data recovery circuit are 

vanished from the S-OOK RX. Moreover, the RF circuits in the RX can be heavily duty-

cycled using a narrow window, known as RFENABLE duration. These help RX nearly 

consume no power in duration between synchronized pulses and data pulses. Thanks to these 

techniques, S-OOK RX produced -58dBm sensitivity and 1.36uW power consumption at 

10kbps data rate.  

 The benefit of power efficiency of S-OOK scheme can be seen through the chart in 

Fig. 3.2. In comparison with normal operation at the same data rate, S-OOK RX consumes 

nearly 90% lower power.  

 On the other hand, S-OOK modulation exposes some disadvantages. First, as it is 

necessary to use 2 RF pulses to represent a bit, data rate is limited and usually pre-determined. 

Second, less complex architecture of RX provided good power consumption but poor 

Fig. 3.2: Current consumption of the S-OOK RF front-end 
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sensitivity. Finally, it is noticeable that S-OOK essentially is a special case of OOK 

modulation.  Thus, reliability of S-OOK TRX system is reduced in presence of interference. 

It also demands a method to synchronize data pulse and synchronized pulse.  

3.2 Spread-Spectrum communications and Direct-Sequence Spread-Spectrum 

technique 

Spread-spectrum (SS) communications technology was first described on paper by an actress 

and musician in 1941 and was not taken seriously [3-5]. It even was forgotten until the 1980s, 

when the came alive and has become increasingly popular with initial applications in military 

anti-jamming tactical communications, anti-multipath systems and so on. Typical 

applications for the resulting short-range data TRXs include satellite-positioning systems 

(GPS), 3G mobile telecommunications, W-LAN (IEEE802.11a, IEEE802.11b, IEE802.11g), 

and Bluetooth. SS technique is a crucial solution for the endless race between 

communication demands and radio-frequency availability [3-6]. 

This technique is defined as follows: “Spread spectrum is a means of transmission in 

which the signal occupies a bandwidth in excess of the minimum necessary to send the 

information; the band spread is accomplished by means of a code which is independent of 

the data, and a synchronized reception with the code at the receiver is used for de-spreading 

and subsequent data recovery” [3-5].   

Direct Sequence Spread Spectrum (DS-SS) is one of three main SS techniques. In 

such this way, data needs to be sent is spread over a wide band by multiplying with a code 

sequence (Fig. 3.3). On the transmission path, there are narrower interferences which are 

a) b)

Fig. 3.3: SS communication system (a) and spectrum transformation (b) 
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added to wideband spread signal. A receive using the completely same code sequence to 

recover correctly the data sent from TX, besides this code also spreads narrow interferences 

in wideband with much lower magnitude in comparison to that of desired signal. Thus, DS-

SS helps communication system to enhance the immunity to interferences. Although DS-SS 

system has lower immunity to interference than that of frequency hopping and time hoping 

SS technique, it has advantages of easier code generation, lower demand to carrier oscillator 

and especially easy implementation by hardware. These features are suitable to low power 

design.    

3.3 Code-Modulated Synchronized-OOK scheme 

Based on the benefits brought from S-OOK modulation and DS-SS technique, we proposed 

CMS-OOK scheme. The waveform operation of CMS-OOK TX is described in Fig. 3.4 [3-

7].  

 According to this scheme, firstly, at the TX, a data needs to be sent DATA (Fig. 3.4a) is 

modulated to create synchronized data signal SDATA which consists of synchronized pulses 

and data pulses (Fig. 3.4b). In such this way, data ‘1’ is represented by two pulses: a 

synchronized pulse and a data pulse, while only a synchronized pulse is used to describe data 

‘0’. In the figure, bit duration of one bit DATA is symbolized by Tb and pulse width of the 

SDATA is notated by TP. While DATA is transforming to SDATA, a code (CODE) is generated 

periodically in a way that code bits are exist during only pulse duration TP (Fig. 3.4c). Then, 

Fig. 3.4: Waveform operation of CMS-OOK TX  
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this code is multiplied with SDATA signal by exclusive-OR gate to create code-modulated 

synchronized data, called CMSDATA (Fig. 3.4d). Finally, this CMSDATA modulates a 

2.4GHz band carrier (Fig. 3.4e) to produce CMS-OOK RF signal (TXOUT) to antenna. 

 As can be seen from Fig. 3.4 that the period of synchronized pulse is exactly equal to 

data bit duration, Tb. Data pulses and synchronized pulses have same pulse width of Tp, which 

is in relationship with Tb by a ratio factor N as the following equation: 

Pb TNT                                                                    (3-1) 

Velocity and the number of bits of the code are chosen so that all code bits completely fit in 

a Tp. If the code bit rate is symbolized by RC, as a result code bit duration is TC =1/ RC. We 

notate the number of code bits inside a TP is M, then we have:  

  CP TMT                                                                    (3-2) 

From the equations (3-1) and  (3-2), we can infer that with a same data rate, given different 

values of N and M, the duration of the code bit receives different values. As a result, 

bandwidth (BW) of TXOUT signal also varies correspondingly. Similar to TRX in [3-7], the 

gap between synchronized pulse and data pulse is chosen by a half of Tb. It is familiar to 

traditional SS technique, carrier frequency should be much higher than the code rate. We 

chose 31-bit code and Tc of 322ns, M = 31, and N = 100, so that total bit rate becomes 1kbps. 

 In terms of power, with a same data rate transmission, CMS-OOK TX PA consumes 

energy only when the CMSDATA comes. We notate the activity ratio of CMSDATA as Ac 

which is expressed by 

Fig. 3.5: Waveform operation of S-OOK RX 
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                                                                   (3-3) 

where N is calculated by (3-2). Normally, N is chosen to be much larger than 1, which means 

Ac  is much smaller than 1. Hence, the PA can reduce much power to achieve low power 

operation. For example, if we choose ratio factor N = 100, the activity ratio Ac will become 

2%. Thus the power can be drastically reduced in this modulation scheme. 

 It is easy to realize that CMS-OOK modulation is a special form of OOK modulation. 

Thus, CMS-OOK RX is also insensitive to carrier jitter, which allows us to utilize RO as a 

carrier oscillator of the TX. In principle, the TXs using angle modulation with precise carrier 

oscillator such as crystal or PLL oscillator often take a long time for settling the carrier 

sources. For this reason, the TXs consume more power to wake up from sleep or power off 

state to start transmitting the data. In contrast, CMS-OOK TX with RO, which can likely 

Fig. 3.6: Architecture of CMS-OOK TX 
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start swiftly as soon as the RX receives a wake up signal from the MCU of the SN, is 

absolutely commensurate with normally-off as well as intermittent WSNs.  

 Other benefit of CMS-OOK scheme comes from the broad BW of CMS-OOK RF signal 

which is spread by using code modulation. Also, the CMS-OOK RX is capable of 

demodulating received RF signal even with variation of carrier frequency. This allows us to 

drastically lower the peak power magnitude of the carrier signal by spreading the carrier 

frequency. Consequently, this supplies not only a lower peak power intensity of the RF signal 

spectrum, which contributes in meeting fully the radio regulations, but also a broader BW of 

the RF band-pass signal, which contributes in better withstanding to interference and higher 

sensitivity of the RX.  

   In the opposite side, CMS-OOK RX has operation waveform in Fig. 3.5. In order to 

increase the sensitivity, in comparison with that of RX in [3-7], a low noise amplifier (LNA) 

with low-Q inductor load and RF amplifier are used. This magnifies the RFINPUT (Fig. 

3.5c) to larger amplitude signal (RF AMP. OUTPUT in Fig. 3.5d). RF front-end consists of 

a used-on-chip inductor LNA, RF amplifier stages, envelope detector and comparator. The 

output of comparator is a bit sequence which should be same as transmitted CMSDATA from 

the TX (Fig. 3.5e). This bit stream is input to a digital correlator which plays a role as a 

matched filter. If the received signal and the code used in RX are matched enough to over a 

programmable threshold, matched filter will deliver a high pulse at the end of the matched 

bit sequence (Fig. 3.5f). By using clock frequency much higher than speed of input bit stream, 

which is known as oversampling technique, synchronization issue in matched filter becomes 

more relaxed. This is the advantage of digital matched filter in comparison to analog matched 

filter which originally demands strictly synchronization of code and received data which is 

often addressed by using complicated acquisition and tracking system [3-5]. Output pulses 

of the digital correlator are led to S-OOK baseband digital which not only recovers the sent 

DATA (Fig. 3.5g) but also generates RFENA pulses (Fig. 3.5b) to turn on and turn off RF 

front-end. This RFENA is created basing on received bit sequence in combination with a 

START signal which is assumed as a wake-up signal from a wake-up RX. Thanks to RFENA 

signal, RF front-end can cut down the power consumption at the most hungry power part of 

RX as well as whole RX. Besides, low noise figure and high gain RF front-end contributes 

in raising sensitivity of RX, which helps to lengthen the communication range of the TRX 
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system. In addition, utilizing code modulation with different codes for different TXs and 

RXs produces a higher immunity to interference in comparison with TRXs in [3-3] and [3-

4].    

 Originating from waveform operation, we propose the architecture of TX and RX as 

shown in Fig. 3.6 and Fig.3.7, respectively. Detailed operation and structure of TX and RX 

will be described clearly in Chapter 4 and Chapter 5.  

Fig. 3.8 shows bandwidth efficiency improvement of CMS-OOK system in condition 

that fixed frequency carrier is used. As can be seen, as the number of bit code per 

synchronized pulse duration increases, which leads to code rate goes up and then, null-to-

null bandwidth CMS-OOK signal is widen. 

 Detailed architecture and used techniques of the TX and RX will be present in next 

Chapter 4 and Chapter 5, respectively.  
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3.4 Chapter conclusion 

In this Chapter, based on investigating advantages and disadvantages of S-OOK TRX system 

and spread-spectrum technique, the CMS-OOK modulation is proposed. A first sight of 

CMS-OOK TRX is presented in term of operation waveform and block architecture. In next 

Chapter 4 and Chapter 5 will help us have insight of CMS-OOK TX and RX.  
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Chapter 4 

Wide bandwidth CMS-OOK Transmitter Using 65nm SOTB 

CMOS Technology with Sweeping Body Bias Technique 
 

 

In previous chapter, the CMS-OOK scheme was presented in terms of waveform operation 

as well as the basic benefits of CMS-OOK TRX system. In this section, we will describe a 

proposed CMS-OOK TX based on 65nm SOTB CMOS technology in detail.   

4.1 Block diagram and operation 

Block diagram of CMS-OOK TX is exhibited in Fig. 4.1. As can be seen, DATA needs to be 

sent firstly is transformed into synchronized data SDATA by the S-OOK modulator. At the 

same time, a Code Generator produces a pseudo-noise-random code sequence. It is 

noticeable that the code is generated to completely fit to duration of synchronized pulses and 

data pulses. This code and SDATA then are multiplied by Exclussive-OR gate in order to 

form Code-Modulated Synchronized Data (CMSDATA). To be continue, this CMSDATA 

modulated 2.4GHz-range carrier generated from a Ring Oscillator. Finally, this RF signal is 

magnified by an E-class power amplifier (PA) and led to antenna to radiate through free 

Fig. 4.1: Architecture of CMS-OOK Transmitter 
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space path [4-1]. The digital part operates under an external clock signal (CLK) which can 

come from an external crystal oscillator or from internal oscillator of a MCU of the SN.  

 Basing on signal type, the TX is divided into two parts: digital part and analog part. 

The digital circuit includes a S-OOK modulator, a code generator and an exclusive-OR gate. 

The rest is analog part with a RO plays as the carrier source, an AND gate and E-class power 

amplifiers was implemented. 

4.2 A 65nm SOTB devices-based TX circuit 

As considering in Chapter 2, CMS-OOK TX circuit is implemented on 65nm SOTB devices 

because of their excellent DC and RF characteristics.  

 To begin with, block diagram and timing chart of digital part is displayed in Fig. 4.2 

and Fig. 4.3, respectively.  

 At first, with the input of sent data DATA and clock (CLK) signal, SYNCH. PULSE 

Fig. 4.2: Architecture of the digital part 

Fig. 4.3: Timing chart of the CMS-OOK TX 
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and DATA PULSE blocks deliver synchronized pulses and data pulses, respectively. Then, a 

synchronized data signal SDATA is generated by combination of these pulses by using an 

OR gate. At the same time, a code signal (CODE) is delivered by a CODE GENERATOR 

so that this code exists inside the synchronized pulses and the data pulses. Continuously, an 

exclusive-OR gate multiplies the SDATA and the CODE, to provide code-modulated 

synchronized data CMSDATA to input of analog part. As regarded in section 3, CLK signal 

come from external source such as external crystal oscillator or from MCU of the sensor 

node. Digital section operates at 0.75V supply voltage. 

 Detailed schematic of the analog part is showed in Fig. 4.4. As can be seen, carrier 

generator utilizes free-running RO whom frequency is controlled by body bias voltage. 

According to this, body bias voltage swept in triangle rule, which can be created and varied 

simply by RC circuits. By adjusting magnitude of triangle body bias voltage, we can drive 

center frequency as well as BW of the carrier signal easily. All analog circuits before buffer 

driver stages are supplied by VDD = 0.75V DC source.  

 Theoretically, as conventional OOK schemes nearly do not concern about carrier 

jitter, PA of the CMS-OOK TX deploys non-linear, high efficiency E-class amplifier [2]. In 

order to ensure that input signal of the PA is large enough, we design a 3-stage driver as a 

pre-amplifier. In this design, we utilize on-chip inductors L1 and L2 which are used for the 

PA. Aiming to gain maximum output power of the TX, a matching network is designed. This 

matching network accounts parasitic parameters of PADs and bonding wire, off-chip 

inductor Ls and capacitor Cp. In order to protect the analog part from electro static discharge 

(ESD), ESD protect circuit including diodes D1, D2, Rs, Cd1, Cd2  and grounded-gate NMOS 

was designed. Both the driver stage and the PA stage operate under 1V DC supply voltage.

  

4.3 Simulation results 

The simulation of this design was executed by running netlist file of the TX in HSPICE and 

NanoSim environment. All circuits before the PA are post-layout simulated in order to fulfill 

more accuracy results. Since rc-extracted software is able to calculated only parasitic 

resistances and capacitances, is impossible to extract parasitic inductance parameters, we ran 

pre-layout simulation for PA with equivalent circuit of on-chip inductor including an ideal 
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Fig. 4.4: Detailed schematic of the analog part of CMS-OOK TX 
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inductor and a calculated parasitic series resistor, parasitic parameters of PADs and bonding-

wires. At first, Nanosim simulator with high speed was used in order to monitor operation 

of the designed TX. In this simulation, a linear- feedback shift register (LFSR) was used to 

generate a code sequence of (25-1)= 31 bits which plays as the code generator. Then, we used 

HSPICE simulator to observe accuracy operation of the system, as shown in Fig. 4.5. In this 

figure, DATA at rate of 1kbps is modulated to SDATA, including data pulses and 

synchronized pulses. Then, this SDATA signal is multiplied with a 31-bit CODE ‘010 1011 

Fig. 4.6: Dependence of carrier frequency on body voltage swing (simulated) 
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1101 1000 1111 1001 1010 0100’ to produce code-modulated synchronized data CMSDATA. 

Next, this CMSDATA signal modulated a 2.4GHz-band carrier, which is delivered from a 

RO, to generate band-pass signal. To be continued, the PA enlarges this RF signal to output 

TXOUT signal which is then led to a radiated antenna. Carrier frequency of the RO is capable 

of controlling by sweeping body bias voltage Vbody, as illustrated in Fig. 4.6. In this 

Fig. 4.8: Dependence of TX output spectrum on body voltage swing 

(simulated)  
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simulation, a triangle shape of body voltage Vbody is used, which generated Vbn and Vbp. 

Because of effects of parasitic capacitor and resistor, Vbn and Vbp are in likely SINE wave 

although a triangle voltage is applied to body gate Vbody. Besides, in condition that a DC bias 

Vbody0 = 0.35V is put into Vbody, when a 100mV peak-to-peak triangle voltage is led to Vbody, 

Vbn and Vbp is generated with the same rule but smaller swing of only about 25mV. As a 

result, the BW of carrier frequency in this case is narrower than the BW in the case that 

triangle voltage is directly applied to Vbp or Vbn. From Fig. 4.6, we can see that the carrier 

frequency is changed in the same rule with triangle body voltage Vbody. The dependence of 

BW of the RO and the TX output signal on body voltage swing is shown in Fig. 4.7. As can 

be seen, the BW of both the RO and the TX rises when Vbody swing increases. With the same 

simulation condition, the BW of the TX output signal is nearly 1.15x wider than that of the 

carrier signal, which indicates the impact of code modulation. Under simulation condition 

of 1kbps data rate, used 31-bit code, 100mV Vbody swing at Vbody0 = 0.35V, TX output signal 

spectrum is demonstrated in Fig. 4.8. It is easy to realize that BW of CMS-OOK signal with 

sweeping body bias technique is spread over a wideband with much lower peak level in 

comparison with that of CMS-OOK signal with single carrier frequency.   

 In terms of power, the results of HSPICE simulation indicates that average power 

consumption during a synchronized pulse or a data pulse duration of Tp is 2.2mW. During 

the time outside of these pulse duration, the TX does not consume power. This simulation is 

executed under the following conditions: 1kbps data rate (corresponding to Tb = 1ms), ratio 

factor N = 100, 31-bit code. With given data, we can calculate required energy used 

transmitting a pair of data ‘0’ and data ‘1’ as follow: 

nJTmWE P 4422.2'0'&'1'                                                    (4-4) 

In the other words, in order to transmit one data bit, the CMS-OOK TX consumes average 

22nJ in simulation.  

 The matching network are design at the output of PA so that self-resonant frequency is 

2.4GHz to obtain nearly SINE wave output.  

4.4 Experiment results 

The analog part of the CMS-OOK TX was laid-out and fabricated based on 65nm SOTB 

CMOS technology. The layout and chip photography are shown in Fig. 4.9. Because at that 

time, our lab used  12-pin Cascade Unity probe for RF evaluation, the layout was designed 
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with on-chip inductors so that it suit to measurement using the probe. The layout occupied 

an area of 0.54 mm2 including PADs.  

 In Fig. 4.10, the configuration of experiment for evaluating the TX chip is demonstrated. 

The digital part of the TX was implemented on Altera DE2-115 Development FPGA Kit to 

deliver synchronized data SDATA and code-modulated synchronized data CMSDATA. These 

signals are led to analog TX board as data of analog part. By this way, we can compare the 

RF S-OOK signal and the RF CMS-OOK signal at the output of TX board in terms of 

waveform and spectrum. These signals are displayed by using oscilloscopes: 

ROHDE&SCHWARZ RBT2004 Digital Oscilloscope and RTO 1024 Oscilloscope, and 

spectrum analyzer CXA Signal Analyzer N9000A.   

 

Fig. 4.9: Layout picture of TX analog part and TX board 

 

Fig.15: Setting up of chip evaluation 
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Fig. 4.10: Experiment setting up diagram 
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(1) (2) (1) (1) (1) (1)(2) (2)

Fig. 4.11: Measured real-time waveform (31-bit code) 

(1) Synchronized pulse, (2) Data pulse 

Fig. 4.12: Spectrum of CMS-OOK signal  

with single carrier frequency 
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Some parameters of TX were chosen in similar to those in simulation. In detail, VDD = 0.75V, 

VDDDRIVER = 1, VCC = 1V, Vbody sweeps in triangle rule with Vbody0 = 0.35, 100mV of peak-to-

peak amplitude and 322ns of cycle, ratio factor N =100, 31-bit code ‘010 1011 1101 1000 

1111 1001 1010 0100’ were applied. Data needs to be sent at 1kbps speed. 

 At first, real-time output waveform is measured and displayed in Fig. 4.11, where the 

data bit sequence is ‘10110’. While output digital signal of FPGA board is observed on 

digital oscilloscope RTB2004, RF signal at output of TX board is shown on oscilloscope. 

Fig. 4.13: Spectrum of S-OOK and CMS-OOK signals 
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The measurement results so that the TX output is surely modulated in the manner of CMS-

OOK modulation with the carrier signal generated by the RO in the analog board. At first, 

the spectrum of the CMS-OOK analog part output signal is analyzed with fixed single carrier 

frequency, as shown in Fig. 4.12. We can see that the spectrum of CMS-OOK RF signal 

spreads over a wide BW, except a high peak carrier signal of 2.41GHz. 

 Fig. 4.13 displays the spectrum of S-OOK signal and CMS-OOK signal (with 31-bit 

code) where the carrier frequency is controlled by sweeping body bias technique. Obviously, 

the strong carrier signal disappears by carrier frequency diffusing. In comparison with S-

OOK modulation, CMS-OOK modulation can spread signal over a wider BW. It is easy to 

see that BW can be widened from 5MHz of S-OOK RF signal to 15MHz of CMS-OOK RF 

signal. Besides, the peak power intensity of CMS-OOK RF signal is 6dB below that of S-

OOK RF signal. Measurement results indicates that the analog part board consumes 50µA 

at 1V supply voltage for driver and PA and 60µA at 0.75V for the rest. Totally, the analog 

part of the TX consumes average power consumption of 83µW corresponding to 83nJ/bit.  

  Making a comparison between evaluated BW and signal intensity and that of simulated 

results, we can see that there is a discrepancy. This difference can be explained by followed 

possible reasons: (1) inaccuracy parasitic extraction tool, (2) small body bias voltage swing 

of NMOS and PMOS was applied and drop voltage because of parasitic resistor of wire 

connecting between DC supplier and the TX board, and (3) low-Q and different value of real 

on-chip inductors and the inductors used in the simulation, which results in different resonant 

frequency of matching network at the output of the TX. This mis-resonance makes lower 

power and different center frequency of output signal. 

 From the measurement results, we can calculate the band density of CMS-OOK signal 

at the output of TX board is -62dBm/MHz, which completely meets the radio regulations. In 

a similar condition, with single carrier frequency, CMS-OOK signal with spectrum as in Fig. 

17 (no diffused spectrum carrier) has too high peak power density which is tough to be 

accepted by the regulations. Thus, this fact proves that CMS-OOK modulation scheme with 

diffused carrier is a good choice for UWB, low-power wireless applications without a license. 

A comparison of CMS-OOK TX (analog part) and the others is displayed through 

Table 4.1. From the table we can realize that CMS-OOK TX consumes much lower power 

than the others. Thanks to the code modulation and sweeping body voltage technique, CMS-

OOK RF signal shows a diffused wide BW with lower peak PSD of -62dBm/MHz. Moreover, 
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the TX also consumes lower DC power, only 83µW. However, since CMS-OOK modulation 

is suitable to low data rate, energy efficiency for bit transmission is not high, 83nJ/bit. 

4.5 Chapter conclusion 

In this chapter, a Code-Modulated Synchronized-OOK modulation scheme used for low 

power WSNs was proposed. A CMS-OOK TX was designed, simulated, fabricated using 

65nm SOTB technology, and then evaluated. TX RF output signal spectrum is spread by not 

only code modulation but also carrier frequency diffusion by sweeping body bias voltage 

applied on carrier RO. Whereby, center frequency and BW of the carrier can be controlled 

easily by varying the triangle voltage applied to Vbody in terms of bias value and peak-peak 

amplitude. The measurement results show a 15MHz BW withd -62dBm/MHz PSD peak of 

CMS-OOK signal, within the radio regulations in Japan. The CMS-OOK TX with an 

83nJ/bit energy at 1kbps data transmission can be achieved. 

 

 

 

 

 

 

Parameter Ref[4-3,4-4] Ref[4-5] Ref[4-6] Ref[4-7] This work

Technology 65nm 90nm 180nm LoRa 65nm

Core Area(mm2) 0.5(PAD included) 0.6 (PAD included) 0.36 __ 0.54 (PAD included)

Modulation S-OOK OOK, S-OOK BPSK FSK, OOK, GMSK S-OOK, CMS-OOK

Carrier Generator RO LC oscillator Injection locked RO Crystall
Sweeping body bias 

Free-running RO

Frequency range 312-315MHz 2.9-3.8 GHz 400MHz 860-1020 MHz 2.3-2.5GHz

Coding (no) (no) (no) Manchester PN code

Supply voltage (V) 0.6/1.0 0.9-1.1 0.8/0.2 1.8/3.7 0.75/1.0

Power consumption _
0.258mW

@1Mpps OOK
0.33mW 125mA 83uW (avg)

Data rate 100/50/10kbps 1Mpulse/s 20Mbps 300kbps 1kbps

FOM* _
65pJ/pulse

+184uW/PRF
16.5pJ/bit _

83nJ/bit

2.59nJ/pulse

Peak PSD (dBm/MHz) -17@10kbps -51.95@1Mpulse/s -42@900MHz _ -62 @31-bit code

Table 4.1  Comparison with State of Art (TX)

* FOM = Power Consumption/Data rate



 
 
 

51 
 

References 

[4-1] V. T. Nguyen, R. Ishikawa, and K. Ishibashi, “83nJ/bit Transmitter Using Code-

Modulated Synchronized-OOK on 65nm SOTB for Normally-Off Wireless Sensor 

Networks,” IEICE Trans. On Electronics, Vo1. E101-C.472 Jul. 2018, pp. 472-472. 

[4-2] B. Razavi, “RF Microelectronics,” Pearson Education, Inc., 2012 

[4-3] M. T. Hoang, N. Suggi, and K. Ishibashi, “A 1.36µW 312-315MHz Synchronized-

OOK Receiver for Wireless sensor Networks Using 65nm SOTB CMOS Technology,” 

Elsevier Solid-State Electronic 117, 2016, pp. 161-169. 

[4-4] M. T. Hoang, “A Study on Ultra-Low Power and High Sensitivity OOK CMOS RF 

Receiver for Wireless Sensor Networks,” Doctoral Thesis, The University of Electro-

Communications, Tokyo, 2015. 

[4-5] M.Crepaldi, C. Li, “An Ultra-Wideband Impulse-Radio Transceiver Chipset Using 

Synchronized-OOK Modulation,” IEEE Journal Of Solid-State Circuits, Vol. 46, No. 

10, October 2011. 

[4-6] Y. Tsai, C. Y. Lin, B. C. Wang and T. H. Lin,"A 330-μW 400MHz BPSK Transmitter 

in 0.18-μm CMOS for Biomedical Applications," IEEE Transactions on Circuits and 

Systems - II: Express Brief, Vol. 63, No. 5, May 2016 

[4-7] SX1276/77/78/79 datasheet, Semtech Cor. [Online]. Available: 

https://www.semtech.com/uploads/documents/DS_SX1276-7-8-9_W_APP_V5.pdf. 

Accessed: 10th Nov. 2018 

 

https://www.semtech.com/uploads/documents/DS_SX1276-7-8-9_W_APP_V5.pdf


 
 
 

52 
 

 

 

Chapter 5 

Low-Power and High Immunity to Interferences CMS-OOK 

Receiver 
 

It is easy to realize that CMS-OOK signal is essentially similar to OOK signal. Thus, at the 

view point of low power consumption, simple structure with rectifier or envelope detector is 

prefer. However, this kind of RX has a very limited sensitivity. In order to increase the 

sensitivity, RX in [1] implement LNA and RF amplifier. Thus, the sensitivity is improved 

but not too much because of resistive input impedance matching which is resulted in high 

NF of RF frontend (NF = 28dB). This limitation can be coped with LC impedance matching 

circuit. It is noticeable that high-Q LC circuit will restrict the bandwidth of RX, which is not 

suitable to CMS-OOK signal with wide bandwidth. The CMS-OOK RX is designed here 

using LNA and RF amplifier to increase the sensitivity, using low-Q on-chip inductor in LC 

matching circuit to reduce NF and widen bandwidth. Besides, code demodulate in digital 

part helps improve performance in presence of interference [3].  

5.1 System architecture of the CMS-OOK RX 

 The CMS-OOK RX has block diagram circuit and operation waveform are shown in Fig.5.1 

and Fig. 5.2, respectively. 

Fig. 5.1: Block diagram of CMS-OOK Receiver 
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  In order to increase the sensitivity of CMS-OOK RX, in comparison with that of RX 

in [5-1, 5-2], a low noise amplifier (LNA) with low-Q inductor load is used. RF front-end 

consists of a used on-chip inductor LNA, RF amplifier (RF Amp.) stages, envelope detector 

(ENV. detector) and a comparator. This is turned-on or turned-off by RFENA pulse (Fig. 

5.3b) which helps RX save power consumption. CMS-OOK RF signal (RF INPUT) with 

very small amplitude comes to RX in shape as Fig. 5.3c. Before this, a wake-up signal START 

is sent from an assumed wake-up RX to initiate the main CMS-OOK RX. The RF signal is 

magnified by RF amplifier consisting an LNA and 4-stage RF Amp. to produce output signal 

RF AMP. OUTPUT (Fig. 5.3d) with magnitude high enough. Then, it is led to an envelope 

detector (ENV. detector) in series with a comparator. The output of comparator is a bit 

sequence which should be same as transmitted CMSDATA from TX (Fig. 5.3e). This bit 

stream is input to a digital correlator which operates as a matched filter. If the received signal 

and the code used in RX are matched enough to over a programmable threshold, digital 

correlator will deliver a pulse at the end of matched bit sequence (Fig. 5.3f). By using clock 

with much higher frequency than speed of input bit stream, which known as oversampling 

technique, synchronization issue in digital correlator becomes more relaxed. Output pulses 

of digital correlator are led to S-OOK baseband digital which not only recovers the sent data 

(DATA OUTPUT in Fig. 5.3g) but also generates RFENA pulses (Fig. 5.3b) to turn on and 

turn off RF front-end. Thanks to RFENA signal, RF front-end can cut down the power 

consumption at the most power hungry part of RX during the time outside of data pulses 

duration and synchronized pulses duration. Besides, low noise figure (NF) and high gain RF 

front-end contribute in raising sensitivity of RX, which contributes to lengthening the 

operation range of TRX system. In addition, utilizing code modulation with different codes 

for different TX and RX produces a higher immunity to interference in comparison with 

TRXs in [5-1] and [5-4].  

5.2 Circuit level design bases on 65nm SOTB devices 

CMS-OOK RX consists of two parts: analog part (RF frontend) and digital part in 

consequence as shown in Fig. 5.4 and Fig. 5.9, respectively.  

5.2.1 Analog part  

The analog path composes of a LNA, a 4-stage RF amplifier, an envelope detector and a 

comparator in series.  
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Fig. 5.3: Operation waveform of CMS-OOK RX 
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To begin with, the RX uses an unbalance input inductive load common source (CS) 

differential LNA (Fig. 5.5). The main purpose of LNA here is to magnify input signal and 

decrease general noise figure (NF) in order to raise sensitivity of RX. RF signal from antenna 

outside of chip goes to one input of the LNA via bonding wire Lb while the other input is 

Fig. 5.5: LNA schematic 

b) a) 

On-chip Off-chip 

Fig. 5.6: 4-stage RF Amplifier 
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connected to ground. Because of effects of pads on PCB board as well as pads and ESD 

circuit on the chip, Lg1, Cg1 and Cc1 are added for input impedance matching. In this design, 

Lg1, Lg2, Ld1 and Ld2 are on-chip inductors with low-Q value which help to widen the 

bandwidth of LNA and integrate matching circuit on chip.  

An on-chip inductor on SOTB process: 

Application circuits at high frequency often require a small inductance. It is impossible 

to access small value inductance externally because the inductance associated with chip pads 

and bond wire can exceed that small value. Thus, it is popular to use on-chip inductor in RF 

applications [5-5]. In this design of CMS-OOK TX and RX, we utilized on-chip planar spiral 

inductor on 65nm SOTB process. 

Normally, on-chip inductors are typically realized as metal spirals (Fig. 5.8). Since the 

mutual coupling between every two turns, spirals exhibit a higher inductance than a straight 

line with the same length [5-6]. In principle, to minimize the series inductance and parasitic 

capacitance of spiral inductor, it is often implemented in the top metal layer - the thickest 

metal layer. On 65nm SOTB, that is metal 8 (M8) layer. However, although M8 is the 

thickest metal layer of 65nm SOTB process, it is still thin in comparison with top metal layer 

of other processes. Thus, series resistance of 65nm SOTB on-chip inductor is significant, 

which can help us to design low-Q on-chip inductor for CMS-OOK TRX. 

Fig. 5.7: Envelope detector and Comparator 
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The two-dimension square spiral in Fig. 5.8 is fully specified by four quantities: outer 

dimension, Dout, the line width, W, the line spacing, S, and the number of turns, N (or inner 

dimension Din). Inductance value primarily depends on the diameter of each turn and the 

number of turns, the width and spacing also have effects on this value indirectly. 

For planar square spiral inductor, inductance value can be calculated basing on a 

formula that has less than 10% error as below [5-6]: 

𝐿 ≈ 1.3 ∙ 10−7
𝑙𝑡𝑜𝑡𝑎𝑙

5
3

[
𝑙𝑡𝑜𝑡𝑎𝑙

4𝑁 + 𝑊 + (𝑁 − 1)(𝑊 + 𝑆)]

1
3

𝑊0.083(𝑊 + 𝑆)0.25

         (5 − 1) 

where ltotal is total length of the spiral inductor.  In this study, we calculated and designed 

the on-chip spiral inductors basing on the formula (5-1).  In the LNA, the inductor of Lg = 

4.1nH and Ld = 20nH are calculated and designed, then used in design of the LNA. 

Back to the design of LNA, the low-Q inductors with internal resistors also contribute 

on limiting gain and increasing NF of the LNA, especially the internal resistors connect to 

Fig. 5.8: Spiral inductor 

Fig. 5.9: An on-chip 14nH spiral inductor  

in 65nm SOTB process 
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the gates of M1 and M2. The LNA is designed in constrain of specify power consumption, 

thus the NF is not the smallest but acceptable value.  

Following the LNA, a 4-stage RF amplifier is used to enlarge RF signal from output 

of the LNA (Fig. 5.6). The first 3-stage is deployed resistive load differential common source 

(CS) amplifier while the last is a single-ended differential CS topology to transform 

differential signal to single signal. CS topology is used in order to achieve a large enough 

power gain, which contributes in reducing NF and magnifies RF signal to satisfy input 

requirement of envelop detector and an adjustable reference voltage comparator (as shown 

in Fig. 5.7). This guarantees that the RX can detect the received signal with a specified 

reliability. 

5.2.2 Digital part 

Fig. 5.10 and Fig. 5.11 display block diagram and timing chart of RX’s digital part, 

Fig. 5.10: Block diagram of digital part 
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Fig. 5.11: Timing chart of digital part 



 
 
 

60 
 

respectively. The signal from analog part (COMPARATOR OUTPUT) is led to a digital 

correlator while the other input of the digital correlator is codebook. If the received signal is 

matched with a programmable code, the digital correlator will generate a high pulse 

(CORRELATOR OUTPUT) with the same pulse width of clock signal. Conversely, if the 

received signal is not matched to the code or signal part corresponding to data pulse ‘0’, no 

pulse is output from the digital correlator. Digital correlator output signal will go to Pulse 

forming block to rebuild a new pulse (PULSE FORMING) with a longer interval. Next, 

PULSE FORMING signal goes to three blocks: Short Pulse, Long Pulse and RFENA  

Generator simultaneously. Among them, RFENA Generator block delivers window pulse 

RFENA to control turning on or off RF front-end while Long Pulse block in combination 

with Short Pulse block generates data clock (ODCLK) to recover data (ODATA) sent from 

the TX.  

 To address asynchronous issue between code and received signal, the digital 

correlator continuously correlates 2x or 4x-oversampled comparator bit-stream with a 

programmable 31-bit code. Structure of a 2x-oversampled 31-bit code digital correlator is 

exhibited in Fig. 5.12. By this way, each bit of COMPARATOR OUTPUT signal is sampled  

Fig. 5.12: 31-bit 2x-sampling digital correlator 
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Fig. 5.13: Detailed structure of RFENA Generator and S-OOK demodulator 
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and multiplied with corresponded code bit by exclusive-OR gates twice a clock cycle of TX. 

Then, a sum of all exclusive-OR gate output is executed. In this case of 2x-ovesampling, 

there are totally 62 exclusive-OR gates to correlate between code and received signal. In 

ideal, maximum sum is 62 (6’h3E) when the received signal is completely matched to the 

code. This sum is compared with a programmable threshold to decide that the received signal 

is matched to the code or not. In the case that RX receives a sent signal from TX without 

interference and power large enough, analog part can operate well and produce no error bit-

sequence, hence the sum can achieve maximum value. Thus, programmable can be set at 

highest value of 62. However, normally noise and interference are often available in 

communication channel, which can make some errors when RX detects received signal. 

Depending on the intensity of noise and interferences, threshold value is adjusted in order to 

recover the data with minimum bit error rate. Normally, the lower threshold will be 

Fig. 5.14: Schematic (a) and symbol (b) of Pulse Forming, Short Pulse and Long Pulse blocks 
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Fig. 5.15: Timing chart for recovering data 
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programmed when strong interference appears and vice versa. Thank to this technique, 

interference immunity of CMS-OOK RX is enhanced. 

To continue, detailed structure of Pulse Forming, RFENA, Short Pulse and Long Pulse 

Generator blocks is shown in Fig. 5.13.  

Pulse forming, Short Pulse and Long Pulse Generator blocks essentially have the same 

structure but different input values of counting number CONST (Fig. 5.14). In fact, this 

circuit operates as a pulse generator which creates new pulses with the same position to input 

but different pulse width. The pulse width is defined by programmable CONST value. This 

value controls a numerical comparator which yields an output pulse with duration equal to 

CONST clock cycle. CONST values of Short Pulse Generator and Long Pulse Generator are 

calculated so that ShortPulse is shorter than Tb/2 while LongPulse is longer than Tb/2. Clock 

used to read data output (ODCLK) is generated by inverting LongPulse. Output data is 

recovered by reading value of Short Pulse at the rising edge of ODCLK (Fig. 5.15). As a 

result, output data ODATA is delayed by nearly a data bit interval.   

 The timing chart of RFENA Generator is described in below Fig. 5.16. Generating 

RFENA is based on a wake-up signal from the assumed wake-up RX in combination with 

received signal PULSE FORMING. Whenever the RX receives wake-up signal START, 

whole digital part of the RX will operate to listen the input signal. As soon as PULSE 

FORMING comes, the COUNTER0 will begin counting from 0 to UPLIMIT value N-1 

N-1 0 1 4

CLK
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Fig. 5.16: Timing chart for RFENA Generator 
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basing on external clock signal CLK, where 𝑁 =
𝑇𝑏

2𝑇𝐶𝐿𝐾
. It will be recounted by the rising 

edge of PULSE FORMING signal which can correspond to data pulse or synchronized pule. 

The window signal RFENA will be cleared if COUNTER ≥ 𝑛  and set high level if 

COUNTER ≥ (𝑁 − 𝑚), where n and m are chosen to guarantee that RFENA is wide enough 

to avoid losing signal. This RFENA will power on analog part earlier than the time point 

when RF signal comes by Tearly and power off when the RF signal finishes. Whereby, analog 

part, which consumes most power of the RX, only operates when RF signal comes and 

powers off in remain time. This helps the RX cuts down significantly power consumption.  

Fig. 5.17 presents layout picture of the CMS-OOK RX on 65nm SOTB CMOS 

technology. It occupies an area of 0.54 µm2 in total. 

5.3 Simulation results 

In this section, simulation results of a CMS-OOK based on 65nm SOTB CMOS technology 

are described. In which, the analog part is simulated by HSPICE simulator while the digital 

part is simulated by MODELSIM. 

Because rc-extractor tool is not able to extract inductance parameter of on-chip 

inductor, the simulation of analog part here is pre-layout simulation. In this simulation, 

parasitic capacitor of PADs and ESD protection circuits, parasitic inductor of bonding wires 

are accounted.  Parasitic parameters are estimated as followed: CESD = 0.5pF, Lb = 1nH 

(correspond to 1mm length). The on-chip inductor: Lg1 = Lg2 = 9nH with internal resistor rg 

= 25Ω, Ld1 = Ld2 = 20nH with rd = 110Ω. LNA, RF amplifiers and envelope detector are 

biased by DC voltage: VB1 = 0.7V, VB2 = 0.65V, VBED = 0.47V, respectively. Reference 

voltage of comparator is 55mV. All analog part is supplied by 1V DC voltage. 

Firstly, the transient simulation result of RF front-end is shown in Fig. 5.18. This figure 

displays the result in case of minimum input voltage of 35µV on 50Ω input impedance 

(corresponding to -76dBm power) where analog part can detect the received signal well. As 

can be seen from the lowest picture, average power of RF frontend during time interval of 

RFENA pulse is 194µW. If the ratio between data bit Tb width and synchronized pulse width 

TP is chosen by 10. The average power consumption of RF frontend for receiving a pair of 

bit ‘1’ and ‘0’ is 38.8 µW. With the data rate here is 1kbps, that means the energy per bit is 

38.8nJ/bit. 
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Fig. 5.17: Layout picture of CMS-OOK RX 
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Fig. 5.18: Transient simulation results 
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Secondly, Fig. 5.19 demonstrates AC simulation results of RF frontend. As can be seen from 

the highest stack of this figure, NF of the RF front-end is around 8dB which is really close 

to the minimum NF curve at 2.4GHz. In two lower picture, S-parameters are shown with 

S11 = -16.6 dB and S21 = 40dB at 2.4GHz. The NF value is still quite high because of 

internal resistor of on-chip inductor Lg1 and Lg2. 

Digital part is simulated by ModelSim simulator. With give 1kbps data rate, TX clock 

frequency is 3.1MHz, ratio Tb/TP = 10, oversampling clock frequency at RX is 6.2MHz. The 

Fig. 5.19: Noise figure, S11 and S21 of RF front-end 
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simulation results can be seen in Fig. 5.20. It is clear that digital part can recover successfully 

the data sent from the TX. 

The chip on 65nm SOTB CMOS of CMS-OOK RX was fabricated and evaluated. 

Although there was a quite good DC operation of RF front-end, AC operation was not good. 

RF front-end did not output desired signal, which led to no data can be achieved at the output 

of the digital part. The main reasons maybe because of incorrect values of gate on-chip 

inductor in LNA, which leads to strong attenuating coming RF signal on input of the LNA. 

Therefore, demodulation of RX was checked by using discrete RF modules and FPGA board, 

which is exhibited in the next section.   

 In the Table 5.1 shows a comparison of this design with other works. As can be seen, 

this design owns a reasonable power consumption of 38.8 µW with quite good sensitivity of 

-76dBm at low data rate of 1kbps. In comparison with other works which utilize digital 

correlator for interference injection, the power consumption of this design is much higher 

than that of others but better sensitivity. 

 

Table 5.1: Comparison with Published State-of Art RX 

[1]

ISSCC’11

[2]

CICC’13

[3]

ISSCC’16

[Thien]

Elsevier’16*

[5]

TCAS-I’17

[6]

JSSCC’18

This 

work*

Technology 130nm 130nm 65nm 65nm 90nm 180nm 65nm

Carrier Frequency 402 MHz 403 MHz 2.4GHz 312-315 MHz 2.4 GHz 113.5 MHz 2.4GHz

Modulation FSK OOK OOK S-OOK OOK, TSSS-OOK OOK CMS-OOK

Supply voltage 1V 1.2/0.5 V 1/0.5 V 1/0.6 V 01.2, 1.8, 2.5V V 0.4 V 1/0.75 V

Digital Correlator No 31-bit 31-bit No - 32-bit 31-bit

External
Component

XTAL+ LC 

MN

XTAL+ LC 

MN

XTAL+ LC 

MN

RLC MN Transformer/image 

filter

Transformer/filter LC MN

Oscillator Inj-locked osc. XTAL Osc. XTAL Osc. - Dual-mode of 

PLL/FLL

Relaxation Osc. Relaxation 

Osc.

Gain Stages IF ED ED/ED+BB RF Amp. LNA+ IF + BB TF/ED/BB LNA, RF 

Amp.+ED

Interference 
Injection

LC MN+IF 

filter

LC MN + 

correlator

Digital 

Processor

LC MN LC MN + spur 

suppression

technique

Transformer/filter

+ Correlator

LC MN

+correlator

Data Rate 200kbps 12.5 kbps 8.192kbps 100/10 kbps 1Mcps 0.3 kbps 1kbps

Energy/bit 220pJ 9.3 pJ 912.7/28.8pJ 0.083/0.136 nJ 0.614/ 2.2nJ 15pJ 38.8nJ

Sensitivity [dBm] -70 -45.5 -39/56.5 -58.5 -91 (Non-coherent)/

-93 (Coherent)

-69 -76

Power 
consumption

44µW 116nW 104/ 236 nW 8.39/1.36µW 0.614mW/2.2mW 4.5nW 38.8µW
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5.5 CMS-OOK TRX system experiment with discrete RF module and FPGA board. 

Aiming to check operation of CMS-OOK TRX system, an experiment using discrete RF 

TRX and FPGA board is carried out. The configuration of the experiment diagram is shown 

in Fig. 5.21.  

Fig. 5.21: Experiment setting up diagram 
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Digital part of TX and RX are programmed and implemented on FPGA board Altera 

DE2-115. Clock signal of both parts is supplied from on-board clock source. Analog part of 

TX and RX are implemented by ASK transmitter module (STX882) and ASK receiver 

module (SRX882) – commercial products of NiceRF Wireless Technology Co.,Ltd [5]. 

These RF modules operate at single frequency of 433 MHz, maximum pulse rate is around 

10 kpulse/s. Parameters of TRX are chosen as followed: DATA needs to be sent at rate of 

33bps, oversampling clock frequency fCLK0 = 20.48 kHz, thus other blocks of TX digital and 

RX digital operate under 10.24 kHz clock signal, number of code bit is 31.  

The experiment was carried out with the configuration as shown in Fig 5.22. Clock 

signal is generated by on-board PLL oscillator basing on reference crystal oscillator 50MHz 

and 25MHz of FPGA board. DC voltages are supplied for RF TX module and RF RX module 

by TEXIO Regulated DC Power Supply and 2280S-32-6 Precision Measurement DC Supply. 

The operation of system is observed through ROHDE & SCHWARZ RTB2004 Oscilloscope. 

Operation waveform of the experiment is demonstrated in Fig. 5.23. As can be seen 

from the figure, the ODATA at the output of RX digital part is completely same to DATA 

Fig. 5.23: Operation wave form of experiment 
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sent from the TX with a little bit delay. This proves that CMS-OOK TRX system operates 

successfully. 

5.6 Conclusion 

In this chapter, a CMS-OOK RX is proposed and designed based on 65nm SOTB CMOS 

technology. The design uses LNA and RF amplifier to improve the sensitivity and envelope 

detector to reduce the power consumption. By using code modulation in combination with 

adjustable threshold of digital correlator, the immunity of RX is enhanced. 

 Simulation results of the design show that the RF frontend consumes average 

38.8µW for receiving a pair of bit ‘1’ and ‘0’ at 1kbps data rate, corresponding to 19.4nJ/bit. 

RX can operate well with signal power higher than the sensitivity of -76dBm.  

 Although the TEG chip of CMS-OOK RX does not operate well when it is evaluated. 

The experiment of CMS-OOK TRX system shows a good operation, which proves that 

CMS-OOK TRX can be used for RF communicating of WSNs. Considering of applying 

CMS-OOK TRX system to low power WSNs will be discussed more in Chapter 6. 
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Chapter 6 

Consideration of Applying CMS-OOK Transceiver to Low 

Power Wireless Sensor Networks 
 

 

As regarded in Chapter 1, intermittent and normally-off operation modes are good ways to 

save power consumption of radio communication system for EHWSNs. To accomplish the 

advantages of this operation modes, it demands RF TX with capability of fast start up to 

transmit data, turns off or consumes tiny power when no data needs to send. Besides, TX 

also has to radiate a power which is in margin of FCC radio regulations. Moreover, in 

circumstances that there are a lot of other wireless devices operating at the same time in the 

vicinity of RX in WSNs, it is prefer that RX can resist interference as well as possible. In 

contrast, CMS-OOK also has some issues need to be addressed in order to apply to practical 

WSNs. In this Chapter, considerations of applying CMS-OOK TRX to low power WSNs 

are discussed. 

6.1 Power consumption of the TX  

As analysis before, in WSNs the active power of TXs regularly is much higher than that of 

RXs. It is very important to completely shut down the radio or put it in a tiny-power sleep 

mode when there is no data transmitting or receiving for saving power purpose. Intermittent 

and normally-off operations are extremely ways to reduce power consumption of EHSNs 

with limited and not-always-continuous supply energy.  

 Fig. 6.1 shows a block diagram and power chart of an intermittent TX controlling by 

MCU of a SN. According this, when there is no data needed to be sent, TX is often in sleep 

mode with power consumption of reference oscillator (crystal oscillator). Whenever MCU 
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decides that TX wants to send necessary data, a controlled signal will wake up the TX, then 

it takes time to settle carrier oscillator before transmitting data. If the RF TX utilizes carrier 

oscillator of crystal or PLL, settling time often is about tens to hundreds microseconds. As a 

result, it cost significant energy during settling time and sleeping time. In order to maintain 

crystal oscillator with high accuracy frequency operating continuously, a stable and 

continuous DC supply is required. Thus, this is not suitable for WSNs which deploy only 

EH circuits for supplying. 

Fig. 6.1: Intermittent operation TX 

a) Block diagram b) Power timing chart 
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Fig. 6.3: Normally-off operation of CMS-OOK TX  
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 If CMS-OOK TX is used in this case, internal RO with much shorter settling time 

(Table 2.1) will reduce much power consumption during the settling time (blue area). In 

addition, commercial TXs [6-1, 6-2, 6-3] often consume about or more than 30mW while 

CMS-OOK with much smaller power consumption of 83µW also contributes in cutting 

down power consumption of SN.  

 With the same SN with above RF TX operating in normally-off mode, the block 

diagram and power chart are exhibited in Fig. 6.2. In comparison with previous case, the 

difference here is that the MCU controls to power off or power on the RF TX. According 

this, whenever SN wants to send data, firstly, MCU will initiate reference crystal oscillator 

then settle the carrier oscillator (PLL), and finally transmit the data. Normally, the time gap 

between two events of sending data is quite long, thus normally-off operation can save more 

power in comparison with above intermittent operation (shorter yellow area).  

 In case that CMS-OOK TX is applied to above normally-off system, block diagram 

and power timing chart are illustrated in Fig. 6.3. According to this, MCU will be 

programmed for normally-off or intermittent operation. Besides, digital part of TX and RX 

can use external clock which comes from the MCU. It is acceptable to use clock signal from 

internal oscillator of MCU with relative accuracy of 1-2%. In the RX side, clock signal which 

is used for decoding should be crystal oscillator with high accuracy. It is noticeable that OOK 

modulation with transmitted data only depends on amplitude of signal and less sensitive to 

carrier frequency, jitter, noise as well as distortion of the carrier signals. This allows CMS-

OOK, as a special kind of OOK modulation, to deploy relaxed jitter carrier oscillator like 

internal ring oscillator (RO) without using reference crystal oscillator. This helps TX not 

only completely turn-off when no data is sent but also wake-up quickly from power-down 

state to start transmitting data. Also, we can utilize such high efficient and low linearity 

power amplifier (PA) such as E-class PA stage because OOK RX is normally immune to 

distortion of the signals. As a result, TX for CMS-OOK likely consumes energy only when 

transmitting data (red area). Previously, in comparison with the case that TX with crystal or 

PLL carrier oscillator is used, CMS-OOK TX in normally-off operation can eliminate power 

during sleeping time (yellow), reduce much power during shorter settling time of RO (blue 

area) and decrease power for transmitting time (red area) by very low power consumption 

of the TX. Moreover, it is noticeable that the MCU can wake up the CMS-OOK TX and the  
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internal RO of this TX with unstable voltage (intermittent energy) from EH circuit as shown 

in [6-4]. 

 Besides, peak power of the spectrum is reduced by 1) the code modulation and 2) 

diffusion of the carrier by using body bias control in the RO using 65nm SOTB technology 

in the proposing CMS-OOK. This helps the CMS-OOK TX to satisfy the radio regulations. 

 In brief, CMS-OOK TX with intermittent operation or normally-off operation can 

reduce strongly power consumption.   

In addition, general operation of CMS-OOK TX is described in Chapter 3 implies 

that, in term of power, at a same data rate transmission, CMS-OOK TX consumes much less 

energy that of OOK and S-OOK TX. Let us observe the Fig. 6.4, in which the baseband data 

of three types of OOK, S-OOK and CMS-OOK signal at the same data rate are displayed. 

Assume that three TXs of OOK, S-OOK and CMS-OOK have equal average power 

consumption P0. The baseband data will modulate carrier oscillator, which results in RF 

radiating of TX during high pulse duration and powering off during low pulse time. In detail, 

considering in a pair of bit ‘1’&’0’ transmitting, OOK TX will transmit RF signal for bit 

duration Tb while S-OOK TX powers on for 3TP. According to principle of CMS-OOK 

modulation, the code is PN code with nearly a half number of bit code is bit ‘1’ and the rest 

is bit ‘0’, thus total time duration of high pulse is 4*TP/2 = 2TP. 

It is easy to calculate the energy to transmit a pair of data ‘1’ & data ‘0’ from 3 TXs 

as followed: 

Fig. 6.4: Waveform of original data, synchronized data and CMS data 
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- OOK TX:   EOOK = P0*Tb; 

- S-OOK TX:    ES-OOK = P0*3Tp; 

- OOK TX:   ECMS-OOK = P0*2Tp  

With Tb is much longer than TP, energy of CMS-OOK TX is much reduced in 

comparison to OOK TX. For instance, if we choose Tb = 10TP, the energy of CMS-OOK is 

5 times lower than that of OOK TX in condition of same data rate and same average power 

consumption. The higher ratio of Tb and TP, the much lower energy of CMS-OOK TX in 

comparison with that of OOK TX.  In other way, it also states that with a same energy 

consumption, CMS-OOK TX has much lower average power consumption. 

Other benefit of CMS-OOK TX is that signal spectrum is spread over a very wide 

range by using code modulation and sweeping carrier frequency. Also, the CMS-OOK RX 

can demodulate the data even when the carrier frequency changes. Thus, we can drastically 

reduce the peak power intensity of carrier by modulating the carrier frequency. This provides 

not only low power peak, power intensity of signal spectrum, which takes part in satisfaction 

of the radio regulations, but also widen bandwidth of signal which contributes in higher 

resistance to interference. In other words, CMS-OOK can transmit more power than 

conventional OOK without increasing peak power intensity, to achieve longer 

communications distances. 

Besides, low power benefit also partly comes from CMS-OOK RX. Thanks to 

RFENA signal, which is generated by digital part of the CMS-OOK RX, analog part of the 

RX is turned on when the RF CMS-OOK signal comes and turned off during the time without 

the RF signal. As a result, the CMS-OOK RX can reduce much power in comparison with 

full-time operation. 

EHSNs can use various energy harvester such as solar harvesters, RF energy 

harvesters, mechanical harvesters and so on [6-4, 6-5]. It is popular that energy harvesters 

should supply a power of tens to hundreds µW for the SNs. The design of CMS-OOK TRX 

in this study with 83µW analog part of TX and 38.8µ analog part of RX are suitable to this 

capacity of energy harvesters. 
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6.2 Interference resistance of CMS-OOK TRX system 

RF co-site interference occurs when there are two or more co-located RF systems have bad 

effects on the other. This is getting worse because the need of new RF communication 

systems grows up. RF co-site regularly happens when two or more RF systems are operating 

physically next to the other and they are operating in such a way that TXs negatively impact 

on one or more RXs [6-6]. In a wide scene, WSNs operating at 2.4GHz band often face to 

co-located WIFI, Bluetooth and so on. In narrower view, TRX systems of different nodes 

inside the WSN also become interference sources to each other. Addressing RF co-site 

interference helps to raise the reliability of WSNs. In this section, this study investigates 

interference of CMS-OOK TRX system in the scene that there are noise and interference 

from the TXs of other nodes in the WSN, which makes negative impacts on performance of 

a pair of CMS-OOK TX and RX (Fig. 6.5). 

In principle, OOK modulation is a special case of ASK modulation in which carrier 

is controlled by baseband data of ‘1’ and ‘0’ bit-stream. Essentially speaking, that is 

amplitude modulation (AM). Hence, OOK modulation owns all features of AM. 

Unfortunately, in terms of interference resistance, AM is easily effected by noise and 

interference because of narrow bandwidth and additive property. The sent information is 

‘carried’ on the amplitude of OOK signal which is changed by noise and interference without 

difficulty. Besides, narrow BW of OOK signal causes it easily be badly impacted by narrow 

in-band interference. Thus, when there is strong enough interference, OOK TRX 

communication will be disturbed.  

Fig. 6.5: Co-located TX inside same WSN as an interference source 
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 Although CMS-OOK modulation has some features similar to those of OOK 

modulations, it also owns some private properties which help CMS-OOK TRX system 

enhance the resistance to co-site interference. Firstly, diffusing spectrum by using DS-SS 

technique and varying carrier frequency by sweeping body bias voltage of SOTB devices 

helps CMS-OOK signal widen BW broadly. This limits the bad effects of narrow band 

interference on CMS-OOK signal. Secondly, CMS-OOK TRX deploys code modulation, 

which allows assigning different codes to different TXs. As a result, only RX with matched 

code is capable of receiving data from desired TX while the others can not.  

In order to investigate immunity to interference of CMS-OOK TRX, a simulation 

using MATLAB/SIMULINK in combination with ModelSim is carried out. The diagram of 

simulation configuration is shown in Fig. 6.6. According this, main TX is TX1 sending the 

DATA1 to the RX through free space loss path while other TX 2 with different code, plays 

as an interference source, sends DATA2 over free space loss path to the RX. Path loss of 

both TX corresponding to distance can be adjusted. Parameters of TXs and RX are set up 

similar to HSPICE simulation results of based 65nm SOTB CMOS technology TRX 

designed in Chapter 4 and Chapter 5. Output of RF frontend is a bit sequence which is written 

in a data file. Then, this file is used as input of digital part in ModelSim simulation. Data 

output of digital part is compared to sent DATA1 to calculate bit error ratio. 

Fig. 6.6: Simulation diagram of system with 2 TXs and 1 RX 
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    As described in Chapter 5, CMS-OOK deploys 2x-oversampling digital correlator 

which plays role as a matched filter to decode received bit stream from RF front-end. In ideal 

case, there is no interference, sum of exclusive-OR gate output can reach to maximum value 

of 62 (according to 31-bit code is used). However, in presence of strong enough interference, 

there are some bit errors in received bit stream in comparison with sent data from TX1. At 

that time, if threshold is kept at maximum value of 62, there is no pulse at output of the 

correlator. Consequently, RX is not able to recover sent data as illustrated in Fig. 6.7a). 

When the threshold decrease so that the sum is above the threshold, output signal will appear. 

Depend on strength of interference, there is a range of threshold value in which digital part 

can recover data with minimum bit error rate. For example, Fig. 6.7b) demonstrates a case 

when the threshold is reduced but still high (THRESHOLD = 58), clock signal is used to get 

data DCLK is recovered incorrectly which leads to errors of ODATA.  Continue reducing 

THRESHOLD to suitable value (THRESHOLD = 52 in this example), DCLK and ODATA 

is recovered correctly (Fig. 6.7c)).  

To make comparison between the resistance to interference of OOK TRX and CMS-

OOK TRX, above configuration of system using OOK TRX and CMS-OOK TRX is carried 

Fig. 6.7: Adjusting threshold of correlator to recover data  
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out in same condition. Here the simulation is executed under followed condition: 1000 data 

Fig. 6.8: BER comparison between OOK and CMS-OOK TRX 

Under condition:  - referred path loss of TX1 is 35dB 

               - 1000 data bits are sent from main TX 

 

0.001

0.01

0.1

0 5 10 15 20

B
it

 e
rr

o
r 

ra
te

SIR[dB]

CMS-OOK

OOK
5dB

11 

times

0.001

0.01

0.1

1

0 5 10 15 20 25 30

B
E

R

SIR [dB]

CMS-OOK @ 40dB loss refference

OOK @ 40dB loss refference

Condition: 1000 data bits are sent from main TX

Fig. 6.9: BER comparison between OOK and CMS-OOK TRX at low SNR 

                      Under condition:  - referred path loss of TX1 is 40dB 

           - 1000 data bits are sent from main TX 

 



 
 
 

82 
 

bit is sent, referred path loss is 35dB. Despite of the small number of data bit in this observe, 

which can make BER value less accuracy, the difference in co-site interference resistance 

between OOK TRX and CMS-OOK TRX systems can be seen through Fig. 6.8. At first, it 

is easy to realize that except case of too strong interference, BER curve of CMS-OOK system 

is below that of OOK system. At the same value of SIR = 11dB, BER of CMS-OOK TRX 

is above 10 times smaller than that of OOK TRX.  

At lower signal intensity according to smaller SNR, simulation result with 40dB path 

loss of main TX is shown in Fig. 6.9. At smaller SNR, large noise power can make errors in 

OOK system even at high SIR. However, in the same condition, with higher 13dB of SIR, 

even at as low as SNR, CMS-OOK system can operate with 10 times smaller BER than OOK 

system. It is noticeable in both case that BER curve of CMS-OOK system is only below that 

of OOK system when SIR is large enough. In situation that SIR is small, corresponding to 

strong interference, both OOK and CMS-OOK system can not operate correctly. 

Above results imply that performance of CMS-OOK TRX is better than that of OOK 

TRX when interference is not too strong. The reason of this phenomenal is that CMS-OOK 

is a special type of OOK signal, decoding received signal must base on output of envelope 

detector and comparator. CMS-OOK RX can only decode if there are not too many error 

bits in the output of RF front-end. In principle, 2x-sampling digital correlator can correct 

several bit errors in useful received signal, but when the bit errors in bit stream from RF 

front-end are over a bound, it makes digital part of CMS-OOK RX meet faults in recovering 

data. Hence, errors of CMS-OOK TRX are the sum of errors by RF front-end (corresponding 

to OOK TRX errors) and errors of decoding by digital part. This explains why there is an 

existing of higher BER of CMS-OOK TRX in comparison with that of OOK TRX. Also, it 

is noticeable that at different SNR there is a range of SIR in which CMS-OOK TRX operates 

better than OOK TRX. 

6.3 Interference experiment of system using discrete RF modules and FPGA 

An experiment of the CMS-OOK system including two TXs and a RX was carried out with 

the configuration as shown in Fig. 6.10. According this, a CMS-OOK TX1 is the main TX 

which allocated at a fix distance d1 = 40cm from a CMS-OOK RX. A second CMS-OOK 
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TX2 using different code plays as co-site interference source at distance d2 from the RX. 

The angle between TX1 – RX – TX2 is 30o. Each CMS-OOK TX and RX is established by 

combining RF module (STX882 and SRX882) and FPGA board (Alter DE2-115). In this 

experiment, we adjusted the distance d2 to observe the effect of interference to operation of 

the TX1 and the RX. 

 Experiment results are displayed in Fig. 6.11. As can be seen from the figure, with 

the distance d2 large enough (further than 140cm), the TX2 nearly has no effect on 

communications between the TX1 and the RX. However, as soon as the TX2 approaches the   

RX, corresponding to reduce of d2, the bit errors appear and the number of bit errors increases 

in inverse proportion to d2.   

As interference
source

Fig. 6.10: Interference experiment of CMS-OOK system 

 with 2 TXs and 1 RX configuration 
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Fig. 6.11: Interference experiment results 
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6.4 Conclusion 

By analyzing CMS-OOK RX in terms of TX’s power and immunity to interference, we can 

realize that CMS-OOK RX is suitable to low power WSNs. Simulation results imply that 

CMS-OOK TRX can enhance the ability of resistance to co-site interference. However, 

analyzing of immunity of CMS-OOK TRX here just covers the cases of system with a pair 

of CMS-OOK TRX and 2TXs – 1RX (inside a WSN). Other situations such as more than 

two TXs – a RX, external co-site interference sources and so on will be investigated in the 

future.  
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Chapter 7 

CONCLUSION 

 

 

Ultra-low-power radios can open up many applications ranging from IoTs, WSNs to security, 

healthcare devices and so on. This is always a developing trend of electronics engineering 

in general and WSNs in particular. It is important to achieve low power consumption while 

maintaining robust operation includes several tough trade-offs between output power, 

bandwidth, data rate, sensitivity, reliability etc. This must be coped with a combination of 

device technology, circuit-level design, novel architectures and system-level considerations. 

The objective of this study is proposing a radio TRX system using for WSNs with low power 

operation, longer distance and good immunity to interference. After considering carefully in 

terms of low power, resistance to interference, technology and architecture to find out 

solutions, this study proposed a new modulation scheme called Code-Modulation 

Synchronized-OOK (CMS-OOK). Then, a CMS-OOK TRX was implemented basing on 

65nm SOTB CMOS technology to achieve low power and high immunity to disturbances.  

 For low power operation objective, we mainly focus on reducing power consumption 

of TX by using CMS-OOK TX with intermittent or normally-off operation. Relaxed jitter 

ring oscillator is used as carrier source which allows the TX completely turn-off when no 

data is sent and start up quickly from power off state to transmit data. Regarding to power 

of RX, in order to get better sensitivity, the CMS-OOK utilizes LNA and RF amplifier which 

costs more power. Longer communication distance and better immunity to interference can 

be achieved by combination of code modulation and sweeping carrier frequency technique. 

Thanks to this combining solution, bandwidth of the CMS-OOK signal becomes wider, the 

peak of power spectrum is much reduced by 6dB in comparison with that of S-OOK signal , 

which allows more TX output power without violating radio regulations. The larger TX 

output power, the longer communication distance is. Besides, broader bandwidth also helps 
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CMS-OOK signal to avoid negative effects from narrow-band interference. Moreover, code 

modulation also takes part in enhancing resilient ability to co-site interference.  

 In addition, the development of the 65nm SOTB CMOS technology produces devices 

with low threshold voltage, low leakage current and variable body bias, which allows to 

decrease power consumption of TRX circuit more deeply. In the Chapter 4 and Chapter 5, 

CMS-OOK TX and RX basing on 65nm SOTB devices were designed and fabricated. 

Evaluation of analog part of designed CMS-OOK TX chip displays a 15MHz bandwidth at 

-62dBm/MHz power spectral density peak. It consumes average 83µW DC power at 1kbps. 

Simulation result indicates that more spectral efficiency can be achieved by increasing 

sweeping voltage swing on body of CMOS devices in carrier oscillator circuit or raising 

number of code bit. Regarding to CMS-OOK RX design, pre-layout simulation results show 

that RF frontend consumes average 38.8µW for receiving a pair of bit ‘1’ and ‘0’ at 1kbps 

data rate, corresponding to 38.8nJ/bit. RX can operate well with signal power higher than -

76dBm sensitivity. Besides, utilizing 2x-oversampling digital correlator with programmable 

threshold allows to recover data with minimum bit error ratio when interference appears. 

The system simulation result shows that in presence of not too strong interference, BER of 

CMS-OOK system is 10 times smaller than that of OOK system. Another speaking, the 

immunity of RX to interference is improved.  

 Simulation results of the CMS-OOK TRX system and experiment results of this 

system using discrete TRX RF modules and FPGA board proved that CMS-OOK TRX 

system can operate successfully. A comparison of immunity between CMS-OOK and OOK 

TRX inside narrow scene of a WSN was investigated. It also exhibits that at a specified 

signal to noise ratio, in a range of SIR the performance of CMS-OOK TRX is better than 

that of OOK TRX.  

 Although CMS-OOK TRX owns a lot of advantages, it also exposes several 

disadvantages. Firstly, CMS-OOK TRX operates at low data rate, which can restrict 

applications of it. Raising data rate will cause higher frequency of clock frequency in both 

TX and RX, especially in RX side with 2x or 4x oversampling technique is used. That is 

exactly challenge to implement high frequency clock oscillator with high stability. Secondly, 

digital correlator normally takes time to decode received bit stream from analog part of RX, 

which costs AC power consumption. The longer delay and the higher clock frequency, the 
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more AC power is consumed. This AC power consumption can be eliminated by timing 

calculation carefully for TRX. Finally, in a specified margin of SIR, CMS-OOK TRX shows 

the better performance than OOK TRX in terms of immunity to interference and vice versa 

at outside of  this margin. 

 In conclusion, despite of the disadvantages, CMS-OOK TRX with intermittent or 

normally-off operation, low power consumption, broad bandwidth (high spectral efficiency), 

higher TX output power, longer communicate distance and good immunity to interference 

is able to apply to low power EHWSNs.  
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APPENDIX A  
 

 

FULL CHIP LAYOUT MICROGRAPH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.1: CMS-OOK Transceiver with On-chip Inductor 
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Fig. A.2: CMS-OOK Receiver with On-chip Inductor 
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