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FREQUENCY SHIFT KEYING TRANSMITTER 

Cross-Reference To Related Application 

[0001] This application claims the benefit of priority of Singapore patent application 

No. 201104306-4, filed 14 June 2011, the content of it being hereby incorporated by 

reference in its entirety for all purposes. 

Technical Field 

[0002] Various embodiments relate to a frequency shift keying transmitter. 

Background 

[0003] Narrowband applications like telemetry in the Medical Implant Communication 

Service (MICS) band require a power efficient, relatively high data rate transmitter for 

short range communication. Low-power transceivers capable of delivering reasonably 

high communication data rate 1 Mbps are often required for short range communication 

of 1 m to 5 m. In battery-less remote control applications, where energy is harvested from 

a push button piezoelectric or other mechanical means, more stringent requirements on 

power consumption is imposed. While frequency shift keying (FSK), where binary bits 

are represented by 2 different frequencies, is often adopted as the signaling scheme for 

short range communication for its robustness and ease in performing modulation and 

demodulation operations, power efficiency still poses a great challenge in the transmitter 

design, especially for the above-mentioned applications. 

[0004] A frequency shift keying (FSK) transmitter is often based on the fractional-N 

PLL (phase-locked loop) [M. Perrott, Tet al., "A 27-mW CMOS fractional-N synthesizer 

using digital compensation for 2.5-Mb/s GFSK modulation," IEEE J. Solid-State Circuits, 

vol. 32, pp. 2048-2060, Dec. 1997]. This architecture consumes few to tens of mW as it 

involves dividing down from a high frequency domain that is often tens of times of the 

desired frequency to minimize quantization noise for good phase noise performance. The 
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architecture includes a power hungry modulus divider circuit which often consists of flip-

flops and logic counters to obtain the required division ratio. The transmitter is energy-

inefficient due to complexity and higher operation frequency. The PLL is not inherently 

stable, so design effort to ensure loop stability has to be enforced. However, high data-

rate is often achievable with these designs. The control word, K, determines the fractional 

division ratio between N and N+1, so that the output frequency of the VCO will be a 

Af+fraction multiple of the reference frequency. 

[0005] Another FSK architecture is the open-loop voltage or digitally controlled 

oscillator (VCO/DCO) based transmitter having only a voltage or digitally controlled 

oscillator (VCO/DCO) directly driving the inductive antenna [J. L. Bohorquez, et al., "A 

350 fiW CMOS MSK transmitter and 400 piW OOK super-regenerative receiver for 

medical implant communications," IEEE J. of Solid-State Circuits, vol.44, no.4, pp. 

1248-1259, Apr. 2009; J. Bae, et al., "A 490 [iWfully MICS compatible FSK transceiver 

for implantable devices," IEEE Proc. of Symp. on VLSI Circuits, pp. 36-37, June 2009]. 

This involves changing the free-running frequency of the oscillator through some passive 

element like a varactor or capacitor bank. While this method seems attractive since the 

design consists of only a single oscillator block, the output signal suffers from frequency 

drift or instability which is a major drawback. Performance burden is hence shifted to the 

receiver side. The transmitter also has poor phase noise. 

[0006] A further FSK transmitter has an injection locked ring oscillator (RO) with hybrid 

edge combiner/power amplifier (EC/PA) architecture [J. Pandey and B. Otis, "A 90fiW 

MICS/ISM band transmitter with 22% global efficiency," IEEE Proc. of Radio Frequency 

Integrated Circuits (RFIC) Symp., May 2010, pp. 285-288]. The transmitter uses crystal 

frequency pulling for frequency modulation and employs injection locking twice, serially 

to 2 ring oscillators (RO) to stabilize the generated signal. The signal is then multiplied 

up 9 times to its desired frequency via an edge combiner (EC) before transmission 

through a power amplifier (PA) driven antenna. Through the use of a hybrid EC/PA 

circuit and keeping the operation of its frequency generating circuit 9 times below the 

desired frequency, the power consumption is in the sub-100 (iW range. However, the 

system is very rigid as the frequency generating circuit only produces 2 fixed frequencies 

depending on the physical properties of the crystal, making frequency selection very 
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limited, which inhibits frequency hopping. The frequency range crystal pulling can 

achieve is typically in the range of 10s to 100s of kHz. In order to obtain a wide tuning 

range, a high factor frequency multiplier is required. A data rate of 200 kbps for the 

transmitter is reported. 

[0007] Another FSK transmitter is the delta-sigma modulator (ASM) phase interpolator 

based transmitter, providing phase interpolation [Y.-H. Liu and T.-H. Lin, "A wideband 

PLL-based G/FSK transmitter in 0.18 fj.m CMOS," IEEE J. of Solid-State Circuits, 

vol.44, no.9, pp. 2452-2462, Sep. 2009]. An integer-N PLL generates 4 equally spaced 

clock edges and through a AEM controlled phase rotator (PR), it is able to generate 

fractional delays by performing a dithered selection among the 4 clock phases. Although 

it can cover a wide frequency range due to TC/2 separation of each clock phase, it suffers 

from larger quantization noise, resulting in higher in-band noise. Moreover, it is not fully 

efficient as a divide-by-two block is used to generate the different clock phases, implying 

that the VCO has to operate at twice the desired frequency rather than directly at the 

operating frequency. The transmitter is energy-inefficient due to complexity and higher 

operation frequency. The in-band noise can be reduced if the quantization step is made 

smaller than n!2. However, this will result in a more sophisticated design to generate 

smaller and equal phase separated clock edges. 

Summary 

[0008] According to an embodiment, a frequency shift keying transmitter is provided. 

The frequency shift keying transmitter may include a logic gate arrangement that 

produces an output signal having a frequency that depends on input signals to the logic 

gate arrangement, a clock generator coupled to the logic gate arrangement, the clock 

generator adapted to produce a clock signal, and a sampling arrangement coupled to the 

logic gate arrangement, the sampling arrangement adapted to receive a data signal, 

wherein the sampling arrangement is configured to sample the clock signal to generate 

periodic waveforms delayed from each other by an interval determined by the point the 

clock signal is sampled, wherein the sampling arrangement is configured to be controlled 

by the data signal to have the logic gate arrangement select periodic waveforms that are 
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delayed from each other by one of a set of intervals associated with the data signal, to be 

used as the input signals to the logic gate arrangement to produce the output signal. 

[0009] According to an embodiment, a frequency shift keying receiver adapted to receive 

and extract the data signal from a phase shift keying transmitter as described herein is 

provided. 

[0010] According to an embodiment, a frequency shift keying transmitter is provided. 

The frequency shift keying transmitter may include a logic gate arrangement that 

produces an output signal having a frequency that depends on input signals to the logic 

gate arrangement, a clock generator coupled to the logic gate arrangement, the clock 

generator adapted to produce a clock signal, and a sampling arrangement coupled to the 

logic gate arrangement, the sampling arrangement adapted to receive a data signal, 

wherein the sampling arrangement is configured to sample the clock signal to generate 

periodic waveforms delayed from each other by an interval determined by the point the 

clock signal is sampled, wherein the sampling arrangement is configured to be controlled 

by the data signal to have the logic gate arrangement select two of the periodic 

waveforms that are delayed from each other by a predefined interval associated with the 

data signal, to be used as the input signals to the logic gate arrangement to produce the 

output signal. 

[0011] According to an embodiment, a frequency shift keying transmitter is provided. 

The frequency shift keying transmitter may include a logic gate arrangement that 

produces an output signal having a frequency that depends on input signals to the logic 

gate arrangement, a clock generator coupled to the logic gate arrangement, the clock 

generator adapted to produce a clock signal, and a sampling arrangement coupled to the 

logic gate arrangement and the clock generator, the sampling arrangement adapted to 

receive a data signal, wherein the sampling arrangement is configured to sample different 

intervals within the clock signal to cause the clock generator to generate periodic 

waveforms, which are offset from one another, wherein the data signal controls the 

sampling arrangement to select which two of the periodic waveforms, offset from each 

other by a predefined interval, are to be used as the input signals to the logic gate 

arrangement to produce the output signal, so that the frequency of the output signal 

depends on the data signal. 
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Brief Description of the Drawings 

[0012] In the drawings, like reference characters generally refer to the same parts 

throughout the different views. The drawings are not necessarily to scale, emphasis 

instead generally being placed upon illustrating the principles of the invention. In the 

following description, various embodiments of the invention are described with reference 

to the following drawings, in which: 

[0013] FIG. 1 shows a schematic block diagram of a frequency shift keying transmitter, 

according to various embodiments. 

[0014] FIG. 2 shows a schematic of a frequency shift keying transmitter, according to 

various embodiments. 

[0015] FIGS. 3A and 3B show the operations of a frequency interpolator, according to 

various embodiments. 

[0016] FIG. 3C shows a schematic of a frequency interpolator, according to various 

embodiments. 

[0017] FIG. 4 shows a schematic of a delay line (VCDL) and an edge combiner (EC) 

block for a matching design, according to various embodiments. 

[0018] FIG. 5 shows a die photograph of a frequency shift keying transmitter, according 

to various embodiments. 

[0019] FIG. 6A shows a plot illustrating three frequency tones after injection locking at 

the injection lock oscillator (ILO) using different control words, according to various 

embodiments. 

[0020] FIG. 6B shows a plot illustrating a frequency modulated output spectrum of two 

frequency tones spaced apart by about 100 kHz at a data rate of about 125 kbps at the 

injection lock oscillator (ILO), according to various embodiments. 

[0021] FIG. 6C shows a plot illustrating a frequency modulated output spectrum of two 

frequency tones spaced apart by about 1 MHz at a data rate of about 1 Mbps at the 

injection lock oscillator (ILO), according to various embodiments. 

[0022] FIG. 7 shows a plot of measured power for the digital portion of the FSK 

transmitter of various embodiments at various sampling frequencies. 
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Detailed Description 

[0023] The following detailed description refers to the accompanying drawings that 

show, by way of illustration, specific details and embodiments in which the invention 

may be practiced. These embodiments are described in sufficient detail to enable those 

skilled in the art to practice the invention. Other embodiments may be utilized and 

structural, logical, and electrical changes may be made without departing from the scope 

of the invention. The various embodiments are not necessarily mutually exclusive, as 

some embodiments can be combined with one or more other embodiments to form new 

embodiments. 

[0024] Embodiments described in the context of one of the devices are analogously valid 

for the other device. 

[0025] In the context of various embodiments, the term "about" or "approximately" as 

applied to a numeric value encompasses the exact value and a variance of +/- 5% of the 

value. 

[0026] As used herein, the term "and/or" includes any and all combinations of one or 

more of the associated listed items. 

[0027] Various embodiments relate to circuit implementations of a low-power, multi­

channel, frequency shift keying (FSK) transmitter for narrowband applications such as 

Medradio, medical implant communication service (MICS), and/or industrial, scientific 

and medical (ISM). 

[0028] Various embodiments may provide a frequency shift keying (FSK) transmitter 

architecture implemented using a digital delta-sigma (AS) modulator based frequency 

interpolator for frequency tunability. The architecture may incorporate sub-harmonic 

injection locking, thereby allowing operation of the clock generation circuit in low 

frequency, thus saving power without compromising the performance of the transmitter. 

[0029] Various embodiments may provide a frequency shift keying (FSK) transmitter, 

for example a multi-channel delta-sigma (AS) FSK radio frequency (RF) transmitter, for 

example with a resultant transmitted signal having a frequency range of about 400 MHz 

to about 436.4 MHz, e.g. for narrowband applications. Various embodiments may 

provide an energy efficient FSK transmitter, e.g. a sub-mW FSK RF transmitter. 
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[0030] Various embodiments may provide a highly reconfigurable multi-channel, ultra-

low-power frequency-shift keying (FSK) transmitter for narrowband applications such as 

battery-less remote control applications, designed using the 0.18-|j.m CMOS technology 

with a 1.2 V power supply. The power requirements may be stringent due to limited 

harvested energy. The transmitter of various embodiments may incorporate a 21 -bit input 

delta-sigma modulator (ASM) which controls the frequency modulation. The transmitter 

may generate a clock pulse with an average frequency between about 133.33 MHz and 

about 145.5 MHz from a multi-phase delay line using a frequency or period interpolation 

technique. The pulse is then sub-harmonically injected into an LC oscillator, which drives 

an antenna for direct transmission. The resultant transmitted signal may have a frequency 

range of about 400 MHz to about 436.4 MHz, which encompasses the medical implant 

communication service (MICS) frequency band and the industrial, scientific and 

medical (ISM) frequency band, paving the way for various usages for the transmitter. The 

sub-harmonic injection enables the frequency generation circuit to operate in the low-

frequency domain, and through the use of high-quality-factor (high-Q) external inductive 

antenna for the injection-locked LC oscillator, the total power consumption may be 

reduced to about 3 mW or less at a data rate of about 1 Mbps. The delta-sigma 

modulator (ASM) also provides flexibility in frequency channel selection, with a 

resolution of about 16 Hz and frequency tunability of at least 100 kHz. 

[0031] The FSK transmitter of various embodiments may incorporate a AS modulator 

with delay-locked loop (DLL) edge generation, a frequency interpolator for frequency or 

period interpolation, and injection locking with average frequency. 

[0032] The FSK transmitter of various embodiments is designed to have relatively good 

performance in terms of high data rate and frequency flexibility while sustaining power 

efficiency. Various embodiments may provide a low-power, narrowband solution, with 

frequency selection. 

[0033] The FSK transmitter of various embodiments may offer low-complexity, cost 

effectiveness, low power and high efficiency. 

[0034] The FSK transmitter of various embodiments may be used for low power, multi­

channel, narrowband applications (eg. Medradio, battery-less remote control), for 
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wireless communication systems, for example in low-power bio-medical applications, 

and for portable wireless and/or wearable devices. 

[0035] FIG. 1 shows a schematic block diagram of a frequency shift keying 

transmitter 100, according to various embodiments. The frequency shift keying 

transmitter 100 includes a logic gate arrangement 102 that produces an output signal 

having a frequency that depends on input signals to the logic gate arrangement 102, a 

clock generator 104 coupled to the logic gate arrangement 102, the clock generator 104 

adapted to produce a clock signal, and a sampling arrangement 106 coupled to the logic 

gate arrangement 102. In FIG. 1, the line represented as 108 is illustrated to show the 

relationship between the different components, which may include electrical coupling 

and/or mechanical coupling. 

[0036] In one embodiment, the sampling arrangement 106 is adapted to receive a data 

signal, wherein the sampling arrangement 106 is configured to sample the clock signal to 

generate periodic waveforms delayed from each other by an interval determined by the 

point the clock signal is sampled, wherein the sampling arrangement 106 is configured to 

be controlled by the data signal to have the logic gate arrangement 102 select periodic 

waveforms that are delayed from each other by one of a set of intervals associated with 

the data signal, to be used as the input signals to the logic gate arrangement 102 to 

produce the output signal. 

[0037] In the context of various embodiments, the logic gate arrangement may include 

one or more logic gates. The logic gate arrangement may further include other elements, 

e.g. adders or mixers. 

[0038] In various embodiments, the clock signal includes equally spaced apart clock 

edges. Each of the clock edges may have a frequency of around 1600 MHz. 

[0039] In various embodiments, each of the periodic waveforms may have a period equal 

to 12 of the clock edges. Each periodic waveform may have a leading edge corresponding 

to each clock edge of the clock signal, and that 12 periodic waveforms may be generated. 

[0040] In various embodiments, the logic gate arrangement 102 may randomly select the 

periodic waveforms. 



WO 2012/173573 PCT/SG2012/000212 

[0041] In various embodiments, the interval between periodic waveforms that are 

successively selected may be any one of an interval of 10, 11, 12 or 13 of the clock 

edges. 

[0042] In various embodiments, the output signal may have an average frequency (or 

period) of the selected periodic waveforms. 

[0043] In various embodiments, the delay between two successively generated periodic 

waveforms may be l/12th of the period of the periodic waveforms. For example, the 

respective leading edges of the two successive periodic waveforms may differ from each 

other by a duration of l/12th of the period of the periodic waveforms. 

[0044] In various embodiments, the logic gate arrangement 102 may include logic gates 

having a programmable interconnection, the programmable interconnection configured to 

connect the logic gates that are used to process two selected periodic waveforms to 

produce the output signal. 

[0045] In various embodiments, the data signal includes at least two different words, 

each word representative of binary data to be transmitted. 

[0046] In various embodiments, the clock generator 104 may include clock edge 

combiner circuitry. The clock generator 104 may include delay circuitry coupled to the 

clock edge combiner circuitry. 

[0047] In various embodiments, the frequency shift keying transmitter 100 further 

includes a transmission stage coupled to the logic gate arrangement 102 to receive the 

output signal from the logic gate arrangement 102 for transmission. The transmission 

stage may include an oscillator to receive the output signal from the logic gate 

arrangement 102, and an inductive antenna coupled to the oscillator, wherein the 

inductive antenna transmits the output signal. The oscillator may include circuitry that is 

configured to generate a transmission signal based on the third harmonic of the output 

signal from the logic gate arrangement 102. 

[0048] In another embodiment, the sampling arrangement 106 is adapted to receive a 

data signal, wherein the sampling arrangement 106 is configured to sample the clock 

signal to generate periodic waveforms delayed from each other by an interval determined 

by the point the clock signal is sampled, wherein the sampling arrangement 106 is 

configured to be controlled by the data signal to have the logic gate arrangement 102 
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select two of the periodic waveforms that are delayed from each other by a predefined 

interval associated with the data signal, to be used as the input signals to the logic gate 

arrangement 102 to produce the output signal. 

[0049] In a further embodiment, the sampling arrangement 106 is coupled to the logic 

gate arrangement 102 and the clock generator 104, the sampling arrangement 106 

adapted to receive a data signal, wherein the sampling arrangement 106 is configured to 

sample different intervals within the clock signal to cause the clock generator 104 to 

generate periodic waveforms, which are offset from one another, wherein the data signal 

controls the sampling arrangement 106 to select which two of the periodic waveforms, 

offset from each other by a predefined interval, are to be used as the input signals to the 

logic gate arrangement 102 to produce the output signal, so that the frequency of the 

output signal depends on the data signal. 

[0050] Various embodiments may provide a frequency shift keying receiver adapted to 

receive and extract the data signal from the frequency shift keying transmitter 100. 

[0051] FIG. 2 shows a schematic of a frequency shift keying (FSK) transmitter (e.g. a 

delta-sigma (A£) based FSK transmitter) 200, according to various embodiments. The 

FSK transmitter 200 includes a delay-locked loop (DLL) 202, an edge 

combiner/multiplexer hybrid block (EC/MUX) 204, a delta-sigma modulator (ASM) 206, 

a frequency interpolator 208, which may be controlled by the AZM 206, and an injection 

lock oscillator (ILO) (e.g. an LC oscillator) 210 directly driving an inductive antenna 

(e.g. a printed circuit board (PCB) loop antenna) 212. 

[0052] In various embodiments, a buffer may be provided or coupled between the ILO 

210 and the antenna 212. The buffer, for example, may be used to store and/or enhance 

the signal from the ILO 210 prior to transmission to the antenna 212. In a specific 

example, the buffer may be or may be realized by a power amplifier (PA). 

[0053] The DLL 202 may include a phase detector (PD), a charge pump (CP) and a loop 

filter (LF), as represented by the PD/CP/LF block 214, and a voltage controlled delay 

line(VCDL) (or delay circuitry) 216. Each of the PD/CP/LF block 214, and the 

VCDL 216 may receive a reference clock, (J>ref, from a crystal oscillator 218, as an input. 

An output signal from the PD/CP/LF block 214 is also inputted to the VCDL 216, and the 

output of the VCDL 216 is fed back as an input to the PD/CP/LF block 214. 
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[0054] The phase detector (PD), the charge pump (CP) and the loop filter (LF) (i.e. the 

PD/CP/LF block 214) combine functionally to form a feedback control loop such that the 

eventual loop filter voltage of the loop filter (LF) may settle or stabilise and may result in 

the total delay of the VCDL 216 to be at least substantially equal to or close to or 

approaching to one clock period of the reference clock, <f>ref, of the crystal oscillator 218. 

[0055] The ASM 206 may form part of a sampling arrangement. The ASM 206 includes a 

quantizer to receive, for example, a sequence of bits. The frequency interpolator 208 may 

form part of a logic gate arrangement. The ASM 206 receives an input waveform, (j)^, 

and a data signal or control word (or control input), K. The frequency interpolator 208 

may receive the output of the ASM 206 as an input signal and may, for example, output a 

select signal, SELo-n, for selecting a clock phase. The ASM 206 controls the frequency 

interpolator (or edge selector) 208 for selecting a clock phase or signal. 

[0056] The edge combiner/multiplexer hybrid block (EC/MUX) 204 may include a 

multiplexer (MUX) 218 and an edge combiner (or a clock edge combiner circuitry) 

(EC) 220. 

[0057] The DLL 202 and the EC 220 may form part of a clock generator and may be 

utilized as a multi-phase reference generator. The DLL 202 may, for example, include a 

plurality of delay cells to generate a plurality of clock phases of the reference clock, 4>ref, 

where the plurality of clock phases may be different relative each other by their 

respective phases. 

[0058] The ILO 210 and the antenna 212 may form part of a transmission stage. The 

ILO 210 may be used for injection locking onto the frequency interpolated signal 

generated via clock period averaging. The ILO 210 also receives the waveform (j)^-. 

[0059] In various embodiments, the FSK transmitter 200 may be digital logic intensive, 

making it amenable to future digital CMOS process scaling. 

[0060] The operation of the FSK transmitter 200 will now be described. 

[0061] In the initial startup of the FSK transmitter 200, the total delay in the VCDL 216 

of the DLL 202 locks to exactly 1 (one) clock period (e.g. 66.67 MHz) of the reference 

clock, <t>ref, of the crystal oscillator 218. Once locked, the DLL 202 produces or generates 

24 evenly or similarly spaced clock phases, each having a reference frequency, fref, of 

about 66.67 MHz. The 24 clock phases may then be combined using the EC 220 to form 
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12 equally spaced or separated clock phases or periodic waveforms (c|)o-<(>ii), effectively 

doubling the reference frequency to about 133.33 MHz (e.g. Fcik = 133.33 MHz). The 12 

clock phases (<t>o-<j>n) may be provided to the MUX 218. 

[0062] The delta-sigma modulator (ADM) controlled frequency interpolator 208 selects 

one clock phase during each sampling cycle to provide a period related to the output of 

the ASM 206. After a certain number of sampling cycles, the dithering phase selection 

sequence generated by the ASM 206 produces an output waveform, <|)inj, with an average 

clock period that is a fraction between 11 t\2Tcik and Tcik, where Tcik = 1/133.33MHz. On 

average, the dithering phase selection sequence produces an output waveform, cf^-, with 

an average clock period that is related to the input or control input, K, of the ASM 206, 

where the average clock period may be between 11/12 Tcik and Tcik, where Tcik=\/{2^frej). 

[0063] As the ASM 206 produces an average output that matches its input, <J)jnj, each 

different control word, K, results in the output having a unique fractional clock period or 

frequency. Therefore, <j>u,j may have a frequency of between about 133.33 MHz and about 

145.45 MHz. <)>jnj may then be injection locked into the ILO 210 via its third harmonic, 

thereby causing the free running ILO 210 to lock to 3 times the frequency of (j)^, 

generating an oscillator output waveform (e.g. a transmission signal) having frequencies 

ranging from about 400 MHz to about 436.4 MHz. The ILO 210 then drives the antenna 

212 directly to achieve FSK modulation. As the ILO 210 drives the antenna 212 directly, 

an output waveform with tunable frequency may be transmitted. 

[0064] In various embodiments, (j)^ is used for injection locking for the ILO 210 as well 

as being a clock to drive the ASM 206. In other words, the same signal <j>inj is used for the 

ASM 206 and the ILO 210. 

[0065] In various embodiments, the combination of DLL 202 and the EC 220 doubles the 

input reference frequency and provides 12 evenly spaced clock phases. The ASM 

controlled frequency interpolator 208 may be used to interpolate between two clock 

periods. Through averaging, frequencies ranging from 133.33MHz to 144.33MHz may be 

generated with very fine resolution. Sub-harmonic (3rd) injection-locking of the average 

output frequency triples the frequency at the output. The frequency may be tuned by 

changing the digital control word, K. Thus, narrowband tuning may be achieved. 
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[0066] FIG. 3A shows an operation of a frequency interpolator (e.g. 208, FIG. 2), 

according to various embodiments, which enables quantification of the frequency control. 

At every sampling cycle of the ASM (e.g. 206), a clock phase is selected from the clock 

phases generated by the EC (e.g. 220). Depending on the next clock phase the frequency 

interpolator (e.g. 208, FIG. 2) selects in the next cycle, the period of the overall 

waveform has a certain clock period. 

[0067] In various embodiments, the difference between the current clock phase and the 

previous clock phase may determine the current clock period. As shown in FIG. 3A, the 

clock signal may include equally spaced apart clock edges, as represented by the dotted 

lines (e.g. 330 ilustrated for one clock edge), such that the clock phase or periodic 

waveform (e.g. 332, 334, 336 illustrated for the waveforms A, B and L respectively) may 

have a leading edge ([~) and a falling edge ( ] ) that correspond to a clock edge 330. As 

shown in FIG. 3A, the clock signal may have 12 equally spaced apart clock edges 330. 

As shown in FIG. 3A, there may be 12 evenly spaced clock phases corresponding to the 

waveforms A 332, B 334, C, D, E, F, G, H, /, J, K and L 336 (waveforms C to K not 

illustrated in FIG. 3 A), which may correspond to the clock phases <j>o-()>ii of FIG. 2. 

[0068] Each clock phase <t>i+i (e.g. periodic waveform B 334) leads a clock phase cj); 

(e.g. periodic waveform A 332) by 7^/12 (or about 1600 MHz). The output of the 

ASM 206 may determine the desired current clock period. By adding the current clock 

period to the previous clock phase or period, the current clock phase could be deduced. 

As an example, assuming the previous clock phase is A 332 and the output of the 

ASM 206 is zero, the clock period is (Tcik+0xTcik/l2) and therefore the current clock 

phase remains as A 332. Where the output of the ASM 206 is -1, the clock period is 

(Tclk-UTclk/l2), and therefore the current clock phase is L (=A+11x7^/12) 336. The 

ASM 206 may have a 2-bit output (e.g. -2, -1, 0 and 1), which corresponds respectively to 

clock periods of 10^/12, 117^/12, \2TcnJ\2 and 137^/12. In this implementation, the 

ASM 206 may have an average output of between -1 and 0. 

[0069] As a non-limiting example, as shown in FIG. 3 A, if the 1st chosen clock phase or 

clock signal is A 332, the next phase may be the clock phase or signal L 336 and every 

subsequent 11th clock phase may then be selected, i.e. A 332, L 336, K, J, I, H, G, F, E, 
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D, C, B, and back to A 332 and so on. Therefore, the waveform may have an overall 

clock period of 11/127^. FIG. 3A also shows a merged waveform 338 of the waveforms 

A 332 and L 336, where the waveform 338 has a clock period of 11/127^. In various 

embodiments, every successive 10th, 11th, 12th or 13th chosen clock phase may 

correspond to a clock signal having a corresponding period of 10/127^c/>t, 11/127^/^, Tcik or 

13/12 Tdk respectively. 

[0070] For a given input control word, K, the AS modulator controlled frequency 

interpolator 208 may select any of the 10th, 11th, 12th or 13th successive phases 

randomly to generate an average clock period. Each control word, K, results in a unique 

average clock period or frequency. The two frequency tones used in binary FSK 

transmission may hence be generated using two different control words, e.g. K0 and Kl, 

to represent the '0' and '1' data. 

[0071] FIG. 3B shows the operation of a frequency interpolator, according to various 

embodiments, as a further non-limiting example. FIG. 3B shows an output signal or 

waveform, based on the sequence of the selected clock phases or periodic waveforms 

A 332, L 336, A 332, L 336, K, L 336 of FIG. 3A, having an average clock period (or 

frequency) after 6 clock cycles of about 0.986Tcik (average Tcik - (Tcik 360 + 11 l\2Tcik 362 

+ 13/127;,* 364 + ll/\2Tclk 366 + \l/\2Tdk 368 +13/127k 370)/6). Subsequently, the 

ILO 210 transmits the third harmonic of ^j. 

[0072] In various embodiments, the ASM (e.g. 206) may be a digital element and may 

have a 2-bit output, which may be designed to pick every subsequent 10th to 13th clock 

phases, such that the input control word, K, for the ASM may result in a dithered 

sequence that results in an average phase selection that is an interpolation between the 

11th and 12th successive phase. 

[0073] FIG. 3C shows a schematic 300 of a frequency interpolator (e.g. 208, FIG. 2), 

illustrating a wrap around adder such that its output selects only one of the phases, <J>o to 

<j)j i, during each sampling cycle. The schematic 300 illustrates the algorithmic 

implementation of the frequency interpolator, as shown below: 

output phase = input + current phase 

if (output phase < 0) 

output phase = output phase + 12 
14 
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else 

if (output phase >12) 

output phase = 1 

endif 

endif. 

[0074] The adder or mixer 302 represents the operation "output phase = input + current 

phase", the dotted box 304 represents the operation for the condition "if (output phase < 

0); output phase = output phase +12" and the dotted box 306 represents the operation for 

the condition "if (output phase > 12); output phase = 1". A "Modulo 12 operation", as 

represented by the block 308 is employed at the adder 310, after the adder 302 to ensure 

only these 12 phases, <|>o to 4>n, may be selected at any time. Therefore, the frequency 

interpolator includes logic gates having a programmable interconnection. 

[0075] The digital ASM (e.g. 206) may be a 2nd order modulator with dithering. The 

ASM may have an input range of 21 -bits, with an internal bus width of 28-bits to account 

for logic or arithmetic overflow. A pseudo random sequence of 23-bits may also be 

applied at the input of the quantizer of the ASM (e.g. 206) for dithering. The output 

frequency of the frequency interpolator, Fmj, corresponding to (j)inj, may be given by 

where K and m are the input control word and the input bit resolution of the delta-sigma 

modulator (ASM) respectively. 

[0076] Therefore, each frequency step, Afinj, may be given by 

where (Finj)ic+i and (F^K represent respectively the generated frequencies corresponding 

to the respective control words, (K+l) and K. 

[0077] As 12-2m (which may also be represented as 12x2m) is more than ten times of K, 

equation (2) may be approximated to 

(Equation 1), 

(Equation 2), 

(Equation 3), 

15 
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or close to the theoretical linear step of f 
11-2mTdk 

[0078] Therefore, the relationship may be approximated to be close to linear. As (j)^ is 

sub-harmonically injected into the ILO (e.g. 210), the output frequency step may have 

approximately a resolution of 3 times of Afnj, Due to the digital controllability and high 

resolution, the FSK transmitter 200 of various embodiments may be highly 

reconfigurable in terms of modulation index, frequency channel spacing, data rate, 

amongst others. 

[0079] The FSK transmitter 200 employs frequency interpolation, where the architecture 

of the FSK transmitter 200 simplifies clock phase generation and does not include any 

scheme where the frequency of the signal is multiplied upwards and divided down, 

making it more efficient. 

[0080] Moreover, the design of a multiply-up circuit (e.g. the frequency multiplier circuit 

or the edge combiner (EC) (e.g. 220)) for the frequency shift keying transmitter 200 may 

be less complicated as it contains AND-OR combinational logic, in contrast to complex 

flip-flop networks of a frequency divider, thereby making the FSK transmitter 200 less 

power consuming compared to the fractional-N PLL based transmitter [M. Perrott, Tet 

ah, "A 27-mW CMOS fractional-N synthesizer using digital compensation for 2.5-Mb/s 

GFSK modulation," IEEE J. Solid-State Circuits, vol. 32, pp. 2048-2060, Dec. 1997] and 

the delta-sigma modulator (ASM) phase interpolator based transmitter [Y.-H. Liu and T.-

H. Lin, "A wideband PLL-based G/FSK transmitter in 0.18 fjm CMOS," IEEE J. of Solid-

State Circuits, vol.44, no.9, pp. 2452-2462, Sep. 2009]. 

[0081] While the delta-sigma modulator (ASM) phase interpolator based transmitter [Y.-

H. Liu and T.-H. Lin, 11 A wideband PLL-based G/FSK transmitter in 0.18 /urn CMOS" 

IEEE J. of Solid-State Circuits, vol.44, no.9, pp. 2452-2462, Sep. 2009] employs AS 

phase interpolation, the need of a high frequency PLL and phase switching at high output 

frequency make it energy inefficient. In contrast, the FSK transmitter 200 of various 

embodiments employs phase/clock phase generation using a DLL, and clock period 

interpolation. Furthermore, a DLL based architecture as in the FSK transmitter 200 is 

more energy efficient in generating multiple taps than a PLL since a higher frequency 

reference is not needed. The FSK transmitter 200 employs the ASM 206 to improve the 
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frequency resolution. In addition, the quantization error of the FSK transmitter 200 may 

be made smaller, as compared to the delta-sigma modulator (AIM) phase interpolator 

based transmitter where a higher AIM sampling frequency is used to reduce the 

quantization noise due to the limited number of phases, by increasing the number of 

delay taps or cells in the DLL 202 without employing a higher sampling frequency. 

Furthermore, in various embodiments, the average frequency is injection locked prior to 

transmission, therefore allowing low frequency operation. 

[0082] Furthermore, the FSK transmitter 200 may not suffer from the shortcomings of 

the open-loop VCO/DCO based transmitter [J. L. Bohorquez, et al., "A 350 /uW CMOS 

MSK transmitter and 400 fiW OOK super-regenerative receiver for medical implant 

communications," IEEE J. of Solid-State Circuits, vol.44, no.4, pp. 1248-1259, Apr. 

2009; J. Bae, et al., "A 490 fj.W fully MICS compatible FSK transceiver for implantable 

devices," IEEE Proc. of Symp. on VLSI Circuits, pp. 36-37, June 2009], for example 

being susceptible to frequency drifting and poorer phase noise, and which additional 

frequency correction loop at the baseband or receiver side is needed to improve the 

performance. The FSK transmitter 200 includes a sub-harmonic injection locking 

mechanism, which ensures both accurate frequency locking and good phase noise without 

the complexity of PLL. The FSK transmitter 200 also offers stability as an injection 

locked output is more stable than the output from a free running oscillator since injection-

locking behaves like a simple closed loop phase-locked loop (PLL). The FSK 

transmitter 200 achieves frequency switching through frequency interpolation. 

[0083] The FSK transmitter 200 also offers frequency flexibility through the use of 

ASM 206 for frequency modulation. Furthermore, frequency tuning through the 

ASM 206 is more area efficient than frequency tuning through sub-ranging capacitor 

banks in the open-loop VCO/DCO based transmitter. 

[0084] The FSK transmitter 200 offers frequency selection and a high data rate of at least 

1 Mbps, while the overall power consumed may be about 3 mW. This architecture of the 

FSK transmitter 200 is generally digital in nature with the bulk of the power going to the 

ASM 206 and the frequency interpolator 208. By using a more advanced technology 

node, the power used by the ASM 206 and the frequency interpolator 208 may be reduced 

due to smaller capacitive output loads and a lower supply voltage. The DLL 202, the 
17 
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ILO 210 and the crystal oscillator 218 constitute the analog blocks of the architecture of 

the FSK transmitter 200, which typically consume less than 1 mW altogether. 

[0085] The FSK transmitter 200 uses a delay-locked loop (DLL) (e.g. 202), as DLL does 

not have accumulated jitter and is inherently stable, making it easy to implement, as 

compared to a phase-locked loop (PLL) as used in the fractional-N PLL based transmitter 

[M. Perrott, Tet al., "A 27-rnW CMOS fractional-N synthesizer using digital 

compensation for 2.5-Mb/s GFSK modulation," IEEE J. Solid-State Circuits, vol. 32, pp. 

2048-2060, Dec. 1997]. 

[0086] Moreover, the EC (or frequency multipliers) 220 are easier to design as compared 

to dividers, for speed and power optimizations due to its logic simplicity over dividers. 

[0087] The FSK transmitter 200 of various embodiments achieve frequency agility 

through the use of the ASM 206, as compared to the injection locking with hybrid EC/PA 

based transmitter [J. Pandey and B. Otis, "A 90/xWMICS/ISM band transmitter with 22% 

global efficiency," IEEE Proc. of Radio Frequency Integrated Circuits (RFIC) Symp., 

May 2010, pp. 285-288] which does not have frequency tunability, where there is only a 

single channel with a fixed deviation, thereby preventing multi-channel operations and 

rendering the transmitter more susceptible to interference. The ASM 206 in the FSK 

transmitter 200 of various embodiments allows fine frequency tuning and multi-charmel 

operation and helps circumvent interference issues. In addition, the FSK transmitter 200 

of various embodiments employs frequency interpolation, thereby achieving frequency 

tunability. The FSK transmitter 200 of various embodiments also employs DLL based 

clock generation. 

[0088] Design considerations for low power and delay mismatch will now be described. 

[0089] While the power consumed by the digital blocks (e.g. the ASM 206 and the 

frequency interpolator 208) may be constrained by the technology used, the architecture 

of each analog block (e.g. the DLL 202, the ILO 210 and the crystal oscillator 218) may 

be chosen or designed for low power consumption minimize power consumption. 

[0090] In order to minimize power consumption, static CMOS logic may be employed to 

minimise or eliminate static currents. For example, in the delay line of the DLL 202, 

current starved inverters may be employed. While differential delay cells may be 

employed for better noise rejection compared to the single ended counterparts, they 
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consume more power. Therefore, in order to have better supply noise rejection, a pseudo-

differential type of delay cell (e.g. 402) architecture using pseudo differential current-

starved inverters 404 as shown in FIG. 4 may be adopted for the delay line (VCDL) 400, 

consuming about 399 (iA at about 1.2 V. The differential architecture is adopted for 

better supply noise immunity. Mismatch for each delay cell 402 has to be taken care of 

since large mismatches in delay may result in unwanted frequency spurs in the vicinity of 

the operating frequency. It should be appreciated that any number of delay cells 402 may 

be provided. 

[0091] Hence, design effort in the layout of the delay line 400 to ensure that the delay 

cells 402 see the same amount of loading on each output is required. Dummy differential-

to-single ended buffers (e.g. 406), for example, are used to load each delay cell 402 

equally, whose output is not tapped for phase comparison at the phase detector (PD) (not 

shown), and an additional dummy delay cell 408 may be used to terminate the delay 

line 400 to ensure equal loading. 

[0092] The VCDL 400 is coupled to a differential EC block 420 where each EC cell 

(e.g. 422) may be an arrangement 424 of logic gates (e.g. including AND gates, OR 

gates). It should be appreciated that any number of EC cells 422 may be provided, which 

may depend on the number of the delay cells 402 employed in the VCDL 400. 

[0093] At the EC 420, as only a single clock phase is selected during each clock cycle, 

the select signal (e.g. SELo, SELi,..., SELn) may be used to turn the AND-OR blocks of 

each arrangement 424 ON/OFF, for example to enable the AND-OR blocks of the chosen 

clock phase and disable the AND-OR blocks of unselected clock phases or signals to be 

inactive to minimize dynamic switching power and conserve power. 

[0094] In operation, the total delay of the VCDL 400 is locked to (one) clock period of 

the reference clock, <j)ref (or equivalently to the frequency Fref) and the 24 output taps or 

clock phases of the VCDL 400 are evenly or equally spaced apart by TCIIJ24, where Tcik = 

1/(133.33 MHz). The edge combiner (EC) 420 takes the 24 equally spaced clock phases 

from the VCDL 400 and combines the clock phases to form 12 evenly spaced clock 

signals or phases, where each of the 12 clock phases from the EC 420 has double the 

frequency of each of the 24 clock phases from the VCDL 400. 
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[0095] In addition, the ILO (e.g. 210) may include differential injection pair transistors, 

which may consume about 100 JIA due to the usage of off-chip, high Q-factor PCB 

antenna (e.g. 212) as its inductive load. Furthermore, a capacitor bank may be provided, 

for example as part of the ILO (e.g. 210), to digitally tune the free running frequency to 

the required band since a small locking range is expected. 

[0096] FIG. 5 shows a die photograph 500 of a frequency shift keying transmitter, 

according to various embodiments. The die has dimensions of approximately 1.8 mm x 

2.0 mm, where the large area is attributed to the testing requirements and usage of bond 

pads. The active die area of all the blocks may occupy approximately 0.2mm2. 

[0097] The measured results for the FSK transmitter of various embodiments will now be 

described. 

[0098] FIG. 6A shows a plot 600 illustrating three frequency tones after injection locking 

at the ILO using different control words, according to various embodiments. The plot 600 

shows the output spectrum 602 at the ILO for the control word, K = 300796, the output 

spectrum 604 for the control word, K = 300797 and the output spectrum 606 for the 

control word, K = 300798. The output spectra 602, 604, 606 show that every increment in 

the control word, K, causes a step increase of about 16 Hz in the output frequency. The 

results match closely to the expected output frequency based on equation (1). 

[0099] FIG. 6B shows a plot 620 illustrating a frequency modulated output spectrum of 

two frequency tones spaced apart by about 100 kHz at a data rate of about 125 kbps at the 

ILO, according to various embodiments. The control words used are K = 300682 and 

K = 306822. A randomized data stream is employed, switching at a data rate of about 125 

kbps. The frequencies are about 100 kHz apart, resulting in a modulation index of 0.8. 

The highest measured data rate is about 1 Mbps. A modulation index of 1 may be needed 

to clearly distinguish the 2 tones in the modulated spectrum. 

[00100] FIG. 6C shows a plot 630 illustrating a frequency modulated output spectrum 

of two frequency tones spaced apart by about 1 MHz at a data rate of about 1 Mbps at the 

ILO, according to various embodiments. The control words used are K = 236825 and 

K = 300797. A randomized data stream is employed, switching at a data rate of 1 Mbps. 

As shown in FIG. 6C, the two frequency tones may be distinguished. The phase noise at 

different frequencies range from about -92 dBc/Hz to about -104 dBc/Hz. 
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[00101] A tuning resolution of about 100 kHz may be achievable as the actual attained 

resolution is much smaller. The frequency resolution may be limited by the resolution of 

the delta-sigma modulator (ASM). 

[00102] In various embodiments, the power consumption at a data rate of about 

1 Mbps is about 3 mW. The power level may be reduced by using a more advanced 

technology node and reducing the resolution of the delta-sigma modulator (ASM) to a 

level sufficient to meet the required resolution. The major portion of the power is 

consumed by the digital logic or portion of the FSK transmitter of various embodiments 

due to the high sampling frequency of about 133.3 MHz, which may be needed to obtain 

an accurate average output frequency. However, the averaging number of 133 employed 

may be too high and therefore may be lowered to reduce the sampling frequency and 

switching power. In addition, the 21-bit delta-sigma modulator (ASM) resolution may 

also be further reduced at the expense of a poorer frequency resolution, where a higher 

resolution allows for tuning potential. This may reduce the digital logics and reduce the 

switching power. Moreover, if a high data rate is not required, the ASM clock rate may be 

reduced. This may decrease the power consumed, because the ASM and the interpolator 

constitute a substantial part of power consumption. 

[00103] FIG. 7 shows a plot 700 of measured power for the digital portion of the FSK 

transmitter of various embodiments at various sampling frequencies. As shown in the 

plot 700, the relationship between the measured power (power consumption) and the 

sampling frequency (operating frequency) is almost or approaching a linear relationship. 

[00104] As a lower sampling frequency may be used for a lower data rate while 

maintaining the same average number per transmitted data, the transmitter power may 

also scale down linearly. For a data rate of about 100 kbps, the sampling frequency may 

be reduced by about 10 times compared to that for a 1 Mbps transmission. Inferring from 

FIG. 7, the digital power consumption may be less than about 0.3 mW, which may give 

rise to a total transmitter power of about 0.8 mW. Hence, the FSK transmitter of various 

embodiments may also lead to efficient power usage according to data rates. 

[00105] The performance of the FSK transmitter of various embodiments is 

summarised in Table 1. The FSK transmitter of various embodiments offers multi­
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channel capability with a frequency resolution of about 0.016 kHz and a smaller active 

area. 

Table 1 

Parameter FSK transmitter 
Frequency range 

(MHz) 
400-436 

(multi-channel) 
Minimum resolution 0.016 (kHz) 0.016 

Voltage (V) 1.2 

Current (mA) analog: 0.46 
digital: 2.08 

TX power (dBm) -5 
Datarate (kbps) 1000 

Modulation Frequency shift 
keying (FSK) 

Modulation technique AS clock period 
interpolator 

Phase noise 
(dBc/Hz @offset) -95 @ 1 MHz 

Active area (mm2) 0.2 
Technology 0.18 |am CMOS 

where "analog" and "digital" refer respectively to the analog and digital portions of the 

FSK transmitter of various embodiments. 

[00106] In various embodiments, it should be appreciated that power consumption 

may be dependent on the technology node which the FSK transmitter of various 

embodiments is implemented. Using 0.18 p.m CMOS technology, the power consumption 

may be dominated by the digital portion (approximately 80 %). By migrating the design 

of the FSK transmitter of various embodiments to a more advanced technology (e.g. 

0.13 |im CMOS technology), while the power consumed by the analog portion of the 

FSK transmitter of various embodiments may remain substantially the same, the power 

consumed by the digital portion of the FSK transmitter of various embodiments may be 

reduced substantially, such that a sub-mW FSK transmitter may be provided. 

[00107] The FSK transmitter of various embodiments is a delay-locked loop (DLL) 

based architecture, suitable for low power applications. The transmitter incorporates a 

digital delta-sigma modulator (ASM) and a ASM based frequency interpolator to 

interpolate clock phases to generate different output frequencies, to achieve frequency 

tunability or selection. With the frequency interpolation, frequency channelization with 
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relatively equal spacing may be achieved. The transmitter also uses average frequencies 

for sub-harmonic injection locking, thereby providing good frequency stability and power 

efficiency. A combination of injection locking and edge combining enables 

multiplication of the output frequency to the desired range, enabling power efficiency 

while sustaining good performance. 

[00108] Various embodiments may provide a high resolution 400 MHz to 436.4 MHz 

FSK transmitter suitable for narrowband applications, such as battery-less remote control 

applications, implemented using the 0.18-^m CMOS process. The FSK transmitter 

employs frequency interpolator with a delta-sigma modulator (ASM), coupled with sub-

harmonic injection to keep the frequency generation circuit in the low frequency domain, 

to achieve FSK modulation. The transmitter may consume about 3 mW at about 1.2 V, 

while transmitting at a data rate of about 1 Mbps. The FSK transmitter offers frequency 

stability, frequency tunability, reasonably high data rate, and high reconfigurability such 

as modulation index, data rate, channel spacing, power consumption, amongst others. In 

various embodiments, the modulation noise may be reduced by using more delay cells. 

[00109] The FSK transmitter of various embodiments offers reasonably high data rate, 

application flexibility, coupled with easy-to-design, synthesizable blocks. The output 

frequency may be digitally controllable, making it easier to calibrate. With the design 

being predominantly digital in nature, power consumption may be reduced using a more 

advanced deep-submicron CMOS technology. The transmitter of various embodiments 

also offers portability, robustness, and being less susceptible to process-voltage-

temperature (PVT) variations as compared to the delta-sigma modulator (AZM) phase 

interpolator based transmitter [Y.-H. Liu and T.-H. Lin, "A wideband PLL-based G/FSK 

transmitter in 0.18 fim CMOS," IEEE J. of Solid-State Circuits, vol.44, no.9, pp. 2452-

2462, Sep. 2009], 

[00110] While the invention has been particularly shown and described with reference 

to specific embodiments, it should be understood by those skilled in the art that various 

changes in form and detail may be made therein without departing from the spirit and 

scope of the invention as defined by the appended claims. The scope of the invention is 

thus indicated by the appended claims and all changes which come within the meaning 

and range of equivalency of the claims are therefore intended to be embraced. 
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CLAIMS 

1. A frequency shift keying transmitter comprising: 

a logic gate arrangement that produces an output signal having a frequency that 

depends on input signals to the logic gate arrangement; 

a clock generator coupled to the logic gate arrangement, the clock generator 

adapted to produce a clock signal; and 

a sampling arrangement coupled to the logic gate arrangement, the sampling 

arrangement adapted to receive a data signal, wherein the sampling arrangement is 

configured to sample the clock signal to generate periodic waveforms delayed from each 

other by an interval determined by the point the clock signal is sampled, wherein the 

sampling arrangement is configured to be controlled by the data signal to have the logic 

gate arrangement select periodic waveforms that are delayed from each other by one of a 

set of intervals associated with the data signal, to be used as the input signals to the logic 

gate arrangement to produce the output signal. 

2. The frequency shift keying transmitter of claim 1, wherein the clock signal 

comprises equally spaced apart clock edges. 

3. The frequency shift keying transmitter of claim 2, wherein each of the clock edges 

has a frequency of around 1600 MHz. 

4. The frequency shift keying transmitter of claims 2 or 3, wherein each of the 

periodic waveforms has a period equal to 12 of the clock edges. 

5. The frequency shift keying transmitter of any one of the preceding claims, 

wherein the logic gate arrangement randomly selects the periodic waveforms. 

6. The frequency shift keying transmitter of any one of the preceding claims, 

wherein the interval between periodic waveforms that are successively selected is any 

one of an interval of 10, 11, 12 or 13 of the clock edges. 
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7. The frequency shift keying transmitter of any one of the preceding claims, 

wherein the output signal has an average frequency of the selected periodic waveforms. 

8. The frequency shift keying transmitter of any one of the preceding claims, 

wherein the delay between two successively generated periodic waveforms is l/12th of 

the period of the periodic waveforms. 

9. The frequency shift keying transmitter of any one of the preceding claims, 

wherein the logic gate arrangement comprises logic gates having a programmable 

interconnection, the programmable interconnection configured to connect the logic gates 

that are used to process two selected periodic waveforms to produce the output signal. 

10. The frequency shift keying transmitter of any one of the preceding claims, 

wherein the data signal comprises at least two different words, each word representative 

of binary data to be transmitted. 

11. The frequency shift keying transmitter of any one of the preceding claims, 

wherein the clock generator comprises clock edge combiner circuitry. 

12. The frequency shift keying transmitter of claim 11, wherein the clock generator 

comprises delay circuitry coupled to the clock edge combiner circuitry. 

13. The frequency shift keying transmitter of any one of the preceding claims, further 

comprising a transmission stage coupled to the logic gate arrangement to receive the 

output signal from the logic gate arrangement for transmission. 

14. The frequency shift keying transmitter of claim 13, wherein the transmission stage 

comprises an oscillator to receive the output signal from the logic gate arrangement; and 

an inductive antenna coupled to the oscillator, wherein the inductive antenna transmits 

the output signal. 
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15. The frequency shift keying transmitter of claim 14, wherein the oscillator 

comprises circuitry that is configured to generate a transmission signal based on the third 

harmonic of the output signal from the logic gate arrangement. 

16. A frequency shift keying receiver adapted to receive and extract the data signal 

from a frequency shift keying transmitter of any one of the preceding claims. 

17. A frequency shift keying transmitter comprising: 

a logic gate arrangement that produces an output signal having a frequency that 

depends on input signals to the logic gate arrangement; 

a clock generator coupled to the logic gate arrangement, the clock generator 

adapted to produce a clock signal; and 

a sampling arrangement coupled to the logic gate arrangement, the sampling 

arrangement adapted to receive a data signal, wherein the sampling arrangement is 

configured to sample the clock signal to generate periodic waveforms delayed from each 

other by an interval determined by the point the clock signal is sampled, wherein the 

sampling arrangement is configured to be controlled by the data signal to have the logic 

gate arrangement select two of the periodic waveforms that are delayed from each other 

by a predefined interval associated with the data signal, to be used as the input signals to 

the logic gate arrangement to produce the output signal. 

18. A frequency shift keying transmitter comprising: 

a logic gate arrangement that produces an output signal having a frequency that 

depends on input signals to the logic gate arrangement; 

a clock generator coupled to the logic gate arrangement, the clock generator 

adapted to produce a clock signal; and 

a sampling arrangement coupled to the logic gate arrangement and the clock 

generator, the sampling arrangement adapted to receive a data signal, wherein the 

sampling arrangement is configured to sample different intervals within the clock signal 

to cause the clock generator to generate periodic waveforms, which are offset from one 
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another, wherein the data signal controls the sampling arrangement to select which two of 

the periodic waveforms, offset from each other by a predefined interval, are to be used as 

the input signals to the logic gate arrangement to produce the output signal, so that the 

frequency of the output signal depends on the data signal. 
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