
TRANSMITTER Cross-Reference To Related Application 5[0001] This
application claims the benefit of priority of Singapore patent
application No. 201206656-9, filed 7 September 2012, the content of
it being hereby incorporated by reference in its entirety for all
purposes. Technical Field 10 [0002] Various embodiments relate to a
transmitter. Background 15[0003] Nan-owband physical layer (PHY)
specification for 802.15.6 requires both frequency and phase
modulations. In this regard, a frequency shift keying (FSK) and phase
shift keying (PSK) compatible transmitter (TX) is required in the
Medical Implant Communication Service / Industrial Scientific Medical
(MICS/ISM) band. [0004] Current conventional mixer based
architectures can support multiple modulations, 20 but at the expense
of high circuit complexity, high power consumption and large area, in
other words they are often complex, power hungry and large.
Phase-locked loop (PLL) based solutions (e.g. closed loop PLL-based
solutions) have emerged as suitable candidates but have limited
bandwidth (BW), thus limiting achievable data rate. Despite their
limited bandwidth and their ability to only provide frequency
modulation, 25 bandwidth enhancement techniques like 2-point
modulation (e.g. 2 point modulation open loop type) and baseband
pulse shaping techniques to generate phase modulation equivalent
spectrums have helped to overcome these shortfalls. The downside to
these techniques is the added complexity to the system (e.g.
hardware) and baseband, and emergence of new issues like modulation
gain mismatches that need to be tackled. While 302 point modulation
technique has no restriction on data rate, the system is complex and 



careful design is required to take care of modulation gain mismatch.
Furthermore, it is difficult to achieve low power using the 2-point
modulation technique. 100051 One of the existing transmitters is the
conventional mixer based transmitter. The mixer based architecture
adopts a conventional direct I/Q (in-phase/quadrature)  5 modulation
with up-conversion mixers. It consists of a local oscillator (LO),
which is usually a phase-locked loop (PLL) that generates I/Q outputs
for frequency mixing. Digital-to-analog converters (DACs) are
required to control the input data to the mixers, to enable
phase/frequency modulation. Hence, this architecture can provide
band-shaping and support universal modulation. Such architectures
consume high power typically in 10 the range of tens of mW. Issues
like I/Q mismatch adds complexity to the already complicated
architecture and this makes fractional-N PLL synthesizers, as
described below, a more preferred choice for transmitters. 100061 A
fractional-N PLL transmitter or architecture, having a closed loop
fractional-N PLL, can consume low power in the MICS/ISM bands less
than 450 MHz. However,  15 when used in these bands, a low frequency
reference has to be utilized to minimize quantization noise for good
phase noise performance. This PLL loop bandwidth, which is at least
10 times smaller than the frequency reference, would be severely
limited. The loop bandwidth dictates how fast the loop can switch
from one frequency to another. Hence, data rate would be restricted.
A larger frequency reference can be used to boost  20 data rate but
it will be at the expense of phase noise due to the increase in
quantization noise. Techniques to overcome bandwidth limitation like
two-point modulation exist to improve the data rate but it incurs
added system complexity due to the addition of a digital-to-analogue
converter (DAC) to control the voltage controlled oscillator (VCO),
and the proper calibration required to minimize gain mismatch.
Moreover, PLLs can only 25 perform frequency modulation and requires
baseband processing methods to generate equivalent phase modulated
spectrums e.g. Gaussian Minimum Shift Keying (G/MSK). 100071 Another
conventional transmitter has an injection locked ring oscillator (RO)
with hybrid edge combiner/power amplifier (EC/PA) architecture, with
an open loop injection locking. The transmitter uses crystal
frequency pulling for frequency modulation and 30employs injection
locking twice, serially to 2 ring oscillators (R0s). 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 W range.
However, the system is very rigid as the frequency generating circuit
only produces 2 fixed frequencies.  5 It does not allow phase
equivalent modulation due to its inflexible frequency selection, and
neither can the frequency deviation be controlled. As a result, a low
data rate of 200kb/s for the transmitter is reported. 



100081 A further conventional transmitter is an open loop PLL based
transmitter, with open loop phase rotation. Typical open loop PLL
requires temporary breaking of the loop 10 for direct frequency
modulation of the VCO. This will result in frequency drifting of the
VCO. For the open loop PLL based transmitter, an integer-N PLL
generates 4 equally spaced clock edges and through a AZ modulator
controlled phase rotator (PR), it is able to generate fractional
delays by performing a dithered selection among the 4 clock phases.
In this case, the data rate is not limited by the PLL bandwidth
because the PLL is  15 used as a fixed multi-phase reference and
frequency switching is not required. While the achievable data rate
is high, it suffers from large quantization noise due to TE/2
separation of each clock phase, resulting in higher in-band noise. As
a result, filtering prior to the antenna is required to improve phase
noise of the output. 100091 A yet further conventional transmitter is
a two-point modulated fractional-N PLL  20 transmitter. While closed
loop fractional-N has bandwidth limitation, the two-point modulation
technique can be employed to enable open loop modulation. The PLL
frequency can be modulated directly with an additional
digital-to-analogue converter (DAC) control which has to be balanced
with the appropriate fractional division ratio. In this case,
frequency switching is no longer limited by the PLL  25 bandwidth.
This two-point control system proved to be a potential replacement
for the mixer based architecture and is widely adopted. Although it
consumes less power than a mixer based architecture, it retains the
complexity with issues that need to be tackled. The system is
complicated due to the delicate control required to balance the
modulation gain to minimize data errors. High data rate of typically
> 2 Mbps can be achieved. 30100101 While open loop systems have
little restriction on data rate, they cannot support phase and
frequency modulation schemes concurrently.  [0011] There is therefore
need for a low power single architecture that may allow frequency and
phase modulations with reasonably good phase noise. Summary 5 [0012]
According to an embodiment, a transmitter is provided. The
transmitter may include a frequency shift keying (FSK) circuit, and a
phase shift keying (PSK) circuit coupled in series to the FSK
circuit, wherein the FSK circuit is configured, in a first mode of
operation, to provide a FSK modulated signal to the PSK circuit, and,
in a second 



10 mode of operation, to provide a fixed frequency signal to the PSK
circuit, and wherein the PSK circuit is configured, in the first mode
of operation, to transmit the FSK modulated signal, and, in the
second mode of operation, to provide a PSK modulated signal based on
the fixed frequency signal received from the FSK circuit. 15Brief
Description of the Drawings [0013] In the drawings, like reference
characters generally refer to like 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 20description, various embodiments of the
invention are described with reference to the following drawings, in
which: [0014] FIG. I shows a schematic block diagram of a
transmitter, according to various embodiments.     [0015] FIG. 2
shows a schematic view of a transmitter, according to various 25
embodiments. [0016] FIG. 3A shows a schematic view of a frequency
shift keying (FSK) circuit and a clock generator, according to
various embodiments. [0017] FIGS. 3B and 3C show the operations of a
frequency interpolation circuit, according to various embodiments.
30[0018] FIG. 4A shows a schematic view of a phase shift keying (PSK)
circuit, according to various embodiments.  



[0019] FIG. 4B shows plots illustrating the effects of phase
modulation through modifying the self resonant frequency of a LC
(inductor-capacitor) tank, according to various embodiments.
[0020] FIG. 4C shows a plot illustrating the phase of an output
signal of a phase shift 5keying (PSK) circuit, according to various
embodiments. [0021] FIG. 5 shows a die photo of a transmitter,
according to various embodiments. 100221 FIG. 6A shows a plot of
simulated output spectrum at a power amplifier (PA) of a transmitter
of various embodiments, showing FSK mode.     100231 FIG. 6B shows a
plot of simulated output spectrum at a power amplifier (PA) of a 10
transmitter of various embodiments, showing QPSK mode. 100241 FIG. 6C
shows a plot of simulated results illustrating the effects of dual
injection locking, according to various embodiments. [0025] FIG. 6D
shows a plot of measured results illustrating the effects of finite
impulse response (FIR) embedded filtering, according to various
embodiments. 15 Detailed Description [0026] The following detailed
description refers to the accompanying drawings that show, by way of
illustration, specific details and embodiments in which the invention
20 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 25 embodiments. [0027] Features that are
described in the context of an embodiment may correspondingly be
applicable to the same or similar features in the other embodiments.
Features that are described in the context of an embodiment may
correspondingly be applicable to the other embodiments, even if not
explicitly described in these other embodiments. 



30Furthermore, additions and/or combinations and/or alternatives as
described for a feature  in the context of an embodiment may
correspondingly be applicable to the same or similar feature in the
other embodiments.   [0028] In the context of various embodiments,
the articles "a", "an" and "the" as used with regard to a feature or
element includes a reference to one or more of the features or
5elements. [0029] In the context of various embodiments, the phrase
"at least substantially" may include "exactly" and a reasonable
variance. [0030] In the context of various embodiments, the term
"about" or "approximately" as applied to a numeric value encompasses
the exact value and a reasonable variance. 10[0031] As used herein,
the term "and/or" includes any and all combinations of one or more of
the associated listed items. [0032] As used herein, the phrase of the
form of "at least one of A or B" may include A or B or both A and B.
Correspondingly, the phrase of the form of "at least one of A or B or
C", or including further listed items, may include any and all
combinations of one or 15more of the associated listed items. [0033]
Various embodiments may relate to circuit implementation of
low-power, multichannel, FSK/PSK (Frequency/Phase Shift Keying)
transmitters, for example for 802.15.6 Wireless Body Area Network
(WBAN) applications. Various embodiments may provide an injection
lock multi-channel WBAN transmitter. 



20[0034] Various embodiments may provide a dual injection-locking
multi-channel reconfigurable frequency shift keying (FSK) /
quadrature phase shift keying (QPSK) transmitter, for example a low
power reconfigurable FSIC/QPSK architecture based on dual
injection-locking that may address some of the issues encountered by
the existing transmitters. 25[0035] Various embodiments of the
transmitter may offer a low-power solution, narrowband with frequency
selection, and phase and frequency modulation schemes featured in a
single architecture. In addition, the transmitter may be easily
reconfigured. [0036] Various embodiments may provide a multi-channel
injection locking based Wireless Body Area Network transmitter (WBAN
TX). The transmitter may be a 30 frequency shift keying/quadrature
phase shift keying (FSK/QPSK) transmitter adapted to transmit one of
a frequency shift keying (FSK) modulated signal or a phase shift
keying (PSK) modulated signal. The transmitter may offer dual
modulation (phase and frequency) schemes with a single architecture.
The FSK/QPSK transmitter may be implemented using AZ (delta-sigma)
frequency modulation and dual injection-locking using two
oscillators. The first oscillator may suppress high frequency noise
via 5 embedded finite impulse response (FIR) technique combined with
injection-locking. For example, the first oscillator may be a FIR
embedded relaxation oscillator. The second injection-locked
oscillator may allow additional filtering and phase manipulation of
signals. 100371 Various embodiments may provide a low power dual
injection-locking, multi- 10 channel reconfigurable frequency shift
keying and quadrature phase shift keying FSK/QPSK transmitter, for
example targeted for the 802.15.6 wireless nan-owband body area
network (WBAN) applications. Two injection locked oscillators (IL0s)
may be employed to facilitate the dual injection-locking approach. A
digital AE (delta-sigma) modulator may be used to interpolate between
clock phases to generate an output with 15 different frequencies. The
output may be raised 3 times to the desired frequency through
sub-harmonic injection locking. Through dithering and injection
locking, an output with a constant period may be generated. Frequency
modulation with a data rate up to approximately 5 Mb/s may be
achieved by toggling the AE modulator control word. By keeping
frequency generation in a lower band, the transmitter architecture
may consume 20 less than about 2 mW when implemented using 65 nm CMOS
technology. Further, as the output phase may be determined by the
free running frequency of an injection-locked oscillator (ILO), phase
modulation with symbol rate up to 10 Ms/s may be achieved by making
the oscillator resonant frequency of at least one ILO programmable.
As the quality of the ILO output may follow its injection reference
or injection signal, a low- 25 power injection-locked relaxation
oscillator with embedded finite impulse response (FIR) filtering may
be implemented to generate the injection signal, improving the output
phase noise by about 5-10 dB at 1 MHz offset. 100381 Various
embodiments may offer low-complexity and cost effectiveness, low
power and high-efficiency, and a "2-in-1" architecture (FSK/QPSK
re-configurability). 



30[0039] Various embodiments may provide one or more of the
following: (1) injection locking based solution, which may save
power; (2) open loop modulation, which may  achieve a higher data
rate; (3) multi-channel capability with phase modulation scheme and
frequency modulation scheme support; (4) additional injection lock to
provide phase control to support more modulation schemes; or (5) more
power saving and added filtering benefit from injection locking, as
compared to conventional FIR. 5[0040] FIG. 1 shows a schematic block
diagram of a transmitter 100, according to various embodiments. The
transmitter 100 includes a frequency shift keying (FSK) circuit 102,
and a phase shift keying (PSK) circuit 104 coupled in series to the
FSK circuit 102, wherein the FSK circuit 102 is configured, in a
first mode of operation, to provide a FSK modulated signal to the PSK
circuit 104, and, in a second mode of  10 operation, to provide a
fixed frequency signal to the PSK circuit 104, and wherein the PSK
circuit 104 is configured, in the first mode of operation, to
transmit the FSK modulated signal, and, in the second mode of
operation, to provide a PSK modulated signal based on the fixed
frequency signal received from the FSK circuit 102. The line
represented as 106 is illustrated to show the relationship between
the FSK circuit 102 and  15 the PSK circuit 104, which may include
electrical coupling and/or mechanical coupling. [0041] In other
words, the transmitter 100 may include a FSK circuit 102 that is
configured for generation of a FSK modulated signal, and a PSK
circuit 104 configured for generation of a PSK modulated signal. The
FSK circuit 102 and the PSK circuit 104 may be coupled in series or
cascade to each other. The PSK circuit 104 may be arranged  20
downstream of the FSK circuit 102. The transmitter 100 may be
configured to operate in a first mode of operation and in a second
mode of operation. [0042] In a first mode of operation, the FSK
circuit 102 may be configured to provide a FSK modulated signal to
the PSK circuit 104, which in turn may transmit the FSK modulated
signal. Therefore, the first mode of operation may be a FSK mode of
25 operation. The transmitter 100 may be configured as a FSK
transmitter in the first mode of operation. [0043] In various
embodiments, the PSK circuit 104 may also process the FSK modulated
signal prior to transmission, for example modifying a frequency of
the FSK modulated signal, e.g. upscaling the frequency of FSK
modulated signal. 



30[0044] In a second mode of operation, the FSK circuit 102 may be
configured to provide a fixed frequency signal (i.e. a signal having
a fixed frequency) to the PSK circuit 104,  which in turn may provide
or generate a PSK modulated signal based on the fixed frequency
signal. Therefore, the second mode of operation may be a PSK mode of
operation. The transmitter 100 may be configured as a PSK transmitter
in the second mode of operation. 5[0045] In the context of various
embodiments, the term "frequency shift keying (FSK)" may mean a
modulation method that conveys data or information via changes or
modulation of a frequency of a reference signal or a carrier wave.
[0046] In the context of various embodiments, the term "phase shift
keying (PSK)" may mean a modulation method that conveys data or
information via changes or modulation  10 of a phase of a reference
signal or a carrier wave. [0047] In the context of various
embodiments, the PSK circuit 104 may be a quadrature phase shift
keying (QPSK) circuit. The PSK modulated signal may be a quadrature
phase shift keying (QPSK) modulated signal. [0048] In various
embodiments, in the first mode of operation, the PSK circuit 104 may
15 be further configured to upscale a frequency of the FSK modulated
signal. This may mean that after upscaling, the resulting signal may
have a frequency that is higher than the frequency of the FSK
modulated signal when received by the PSK circuit 104. [0049] In
various embodiments, the FSK circuit 102 may include an oscillator
coupled to the PSK circuit 104, wherein the oscillator may .be
configured for injection-locking of a 20 frequency of the FSK
modulated signal or the fixed frequency signal to a frequency of an
injection signal (e.g. 41u) to be inputted into the oscillator.
[0050] In the context of various embodiments, the term
"injection-locked" may mean that an oscillation stage of the
oscillator locks to the frequency of an injected signal, such that 



the oscillator becomes an injection-locked oscillator (ILO). This may
mean that the  25 frequency of the output signal of an
injection-locked oscillator may be at least substantially the same as
the frequency of the signal injected as input to the injection-locked
oscillator. [0051] In various embodiments, the oscillator may be a
relaxation oscillator, for example an injection locked relaxation
oscillator (ILX0).  100521 In various embodiments, the oscillator may
be free of any inductors. In various embodiments, the oscillator may
not be or may be free of an LC (inductor-capacitor) oscillator.
[0053] In various embodiments, the PSK circuit 104 may include
another oscillator  5 coupled in series to the oscillator to receive
the FSK modulated signal or the fixed frequency signal, and to
produce an output signal, wherein the other oscillator is configured
for injection-locking of a frequency of the output signal to the
frequency of FSK modulated signal or the fixed frequency signal.
[0054] In various embodiments, in the first mode of operation, the
other oscillator may be  10 configured to upscale the frequency of
the FSK modulated signal to produce the output signal, and wherein,
in the second mode of operation, the other oscillator may be
configured to vary its resonant frequency in response to a control
signal to produce the output signal, wherein the output signal has a
phase determined based on the frequency of the fixed frequency signal
and the resonant frequency of the other oscillator, the phase 15being
selected from two possible phases spaced apart by 900. [0055] In
various embodiments, the other oscillator may be an injection locked
oscillator (ILO). [0056] In various embodiments, the other oscillator
may be an LC oscillator. [0057] In the context of various
embodiments, the other oscillator may include two  20 capacitor bank
arrangements which may give rise to two output phases that are 90
apart. A respective capacitor bank arrangement of the two capacitor
bank arrangements may be activated or switched to provide the output
with the required output phase. In various embodiments, the two
capacitor bank arrangements may be arranged in parallel to each
other, wherein each capacitor bank arrangement may include a
plurality of capacitors 



25 (e.g. two capacitors) arranged in series with each other. In
addition, each capacitor bank arrangement may further include a
switch. [0058] In various embodiments, the two capacitor bank
arrangements may be controlled by one or more control signals, e.g.
DO and Dl, which may be based on QPSK "I" and "Q" data. 30[0059] In
various embodiments, in the first mode of operation, the other
oscillator may be configured to produce the output signal based on a
third harmonic of the frequency of the  FSK modulated signal. For
example, where the FSK modulated signal has a frequency of about
133.33 MHz, the resulting output signal may have a frequency of about
400 MHz. [0060] In various embodiments, as the transmitter 100 may
include two oscillators that may be injection-locked, dual
injection-locking may be implemented in the 5transmitter 100. [0061]
In various embodiments, the FSK circuit 102 may further include a
finite impulse response (FIR) filter configured to generate the
injection signal, the injection signal having a frequency that
depends on input signals to the FIR filter. [0062] In various
embodiments, the oscillator may be part of the FIR filter. 10[0063]
In various embodiments, the FIR filter may be an embedded FIR filter,
for example an FIR filter embedded with the FSK circuit 102 or the
transmitter 100. [0064] In various embodiments, the transmitter 100
may further include a clock generator configured to generate a
plurality of periodic waveforms delayed from each other by a
predetermined interval, wherein the FIR filter is configured to
select one or more periodic 15waveforms from the plurality of
periodic waveforms to generate the injection signal. [0065] In
various embodiments, the injection signal may have a frequency that
is at least substantially equal to an average frequency of the
selected periodic waveforms. 



[0066] In various embodiments, the predetermined interval may be at
least substantially equal to a period of a sampling clock signal
provided in the transmitter 100. 20[0067] In various embodiments, the
predetermined interval between two successive periodic waveforms may
be 1/12th of the period of the periodic waveforms. [0068] In various
embodiments, the clock generator may be coupled to the FIR filter.
[0069] In various embodiments, the FIR filter may select one periodic
waveform during one sampling cycle. In order for a plurality of
periodic wavefoims to be selected, a 25 plurality of sampling cycles
are needed. For example, a periodic waveform may be selected during a
sampling cycle, and another periodic waveform may be selected during
another sampling cycle. Each sampling cycle may correspond to a
period of the sampling clock signal.   100701 In various embodiments,
the sampling clock signal may include equally spaced 30 apart clock
edges. The duration between adjacent clock edges may represen the
period of the sampling clock signal.  [0071] In various embodiments,
the FSK circuit 102 may further include a frequency interpolation
circuit configured to provide one or more select signals to the FIR
filter for selecting the one or more periodic waveforms from the
plurality of periodic waveforms. [0072] In various embodiments, the
frequency interpolation circuit may include a 5plurality of logic
elements. A respective logic element of the plurality of logic
elements may be employed for providing a respective select signal.
[0073] In various embodiments, the clock generator may include a
delay circuit configured to generate the plurality of periodic
waveforms based on a reference clock signal (e.g. Sref). Each
periodic waveform may have a frequency that is at least
10substantially equal to the frequency of the reference clock signal.



100741 In various embodiments, the delay circuit may include a
plurality of delay logic elements or cells. The number of delay logic
elements or cells may depend on the number of periodic waveforms to
be generated.     100751 In various embodiments, the clock generator
may further include a crystal  15 oscillator configured to provide
the reference clock signal. [0076] In various embodiments, the FSK
circuit 102 may further include a sampling circuit configured to
provide an input signal to the frequency interpolation circuit, the
sampling circuit adapted to receive a data signal (or control word),
wherein the frequency interpolation circuit may be configured to
provide the one or more select signals to the  20 FIR filter based on
the input signal, wherein, in the first mode of operation, the data
signal is varied, and wherein the sampling circuit may be configured
to be controlled by the varied data signal to control the frequency
interpolation circuit to provide the one or more select signals to
the FIR filter to select the one or more periodic waveforms during
respective sampling cycles, for the FSK circuit 102 to produce the
FSK modulated signal,  25 and wherein, in the second mode of
operation, the data signal is fixed, and wherein the sampling circuit
is configured to be controlled by the fixed data signal to control
the frequency interpolation circuit to provide the one or more select
signals to the FIR filter to select the one or more periodic
waveforms during respective sampling cycles, for the FSK circuit to
produce the fixed frequency signal.  [0077] In various embodiments,
in the first mode of operation and the second mode of operation, the
sampling circuit may be configured to be controlled by the data
signal to have the FIR filter select two periodic waveforms.
[0078] In various embodiments, the sampling circuit may include a AE
(delta-sigma)  5 modulator (e.g. a digital AE modulator). [0079] In
various embodiments, the FIR filter may include a register
arrangement configured to receive the one or more select signals, and
a plurality of multiplexers (MUX) coupled to the register
arrangement, wherein a respective multiplexer of the plurality of
multiplexers is configured to receive a respective periodic 10
waveform of the plurality of periodic waveforms, and wherein the
register arrangement is configured to select (or activate) one or
more multiplexers of the plurality of multiplexers in response to the
one or more select signals to select the one or more periodic
waveforms for generating the injection signal. The plurality of
multiplexers may be arranged in parallel to each other. 15[0080] In
various embodiments, the register arrangement be a shift register
chain, and may include a plurality of logic elements (e.g.
registers), where a respective logic element may be coupled to a
respective multiplexer. The plurality of logic elements or registers
may be arranged or coupled in series. In various embodiments, a
respective logic element may receive a respective select signal and
select the corresponding respective multiplexer  20 in response to
the received select signal so as to select or transmit the periodic
waveform received by the corresponding respective multiplexer. In
various embodiments, the number of logic elements may be equal to the
number of multiplexers. In various embodiments, there may be 12
multiplexers, for receiving 12 periodic waveforms respectively.
25[0081] In various embodiments, the PSK circuit 104 may further
include a phase swap 



circuit (or polarity swap circuit) configured to receive the output
signal produced by the other oscillator, wherein, in the first mode
of operation, the phase swap circuit may be configured to transmit
the output signal, and wherein, in the second mode of operation, the
phase swap circuit may beconfigured to produce one output signal out
of two possible 30output signals, wherein an output signal of the two
possible output signals has a phase that is the same as a phase of
the output signal produced by the other oscillator, and  wherein
another output signal of the two possible output signals has a phase
that is inverted to a phase of the output signal produced by the
other oscillator. [0082] In various embodiments, the phase swap
circuit may be controlled by one or more control signals, e.g. DO and
D1, which may be based on QPSK "I" and "Q" data.  5 [0083] In various
embodiments, the transmitter 100 may further include an amplifier
configured, in the first mode of operation, to amplify the FSK
modulated signal prior to transmission by the transmitter 100, and,
in the second mode of operation, to amplify the PSK modulated signal
prior to transmission by the transmitter 100. The amplifier may be a
power amplifier (PA). 10[0084] In various embodiments, the
transmitter 100 may further include an antenna for transmission of
the FSK modulated signal in the first mode of operation, and the PSK
modulated signal in the second mode of operation. [0085] In the
context of various embodiments, a "circuit" may be understood as any
kind of a logic implementing entity, which may be special purpose
circuitry or a processor  15 executing software stored in a memory,
firmware, or any combination thereof. Thus, in an embodiment, a
"circuit" may be a hard-wired logic circuit or a programmable logic
circuit such as a programmable processor, e.g. a microprocessor (e.g.
a Complex Instruction Set Computer (CISC) processor or a Reduced
Instruction Set Computer (RISC) processor). A "circuit" may also be a
processor executing software, e.g. any kind 20 of computer program, e
g a computer program using a virtual machine code such as e.g. Java.
Any other kind of implementation of the respective functions which
will be described in more detail below may also be understood as a
'circuit' in accordance with an alternative embodiment.      [0086]
In the context of various embodiments, the terms "couple" and
"coupled" may  25 include electrical coupling and/or mechanical
coupling. 



[0087] In the context of various embodiments, the terms "couple" and
"coupled" with regard to two or more components may include direct
coupling and/or indirect coupling. For example, two components being
coupled to each other may mean that there is a direct coupling path
between the two components and/or there is an indirect coupling path
30 between the two components, e.g. via one or more intervening
components connected therebetween.  [0088] FIG. 2 shows a schematic
view of a transmitter 200, according to various embodiments, which is
dual injection locking based. The transmitter 200 may include a
frequency shift keying (FSK) circuit 210 which may be employed for
generation of a FSK modulated signal, and a phase shift keying (PSK)
circuit 230 which may be 5 employed for generation of a PSK modulated
signal. The FSK circuit 210 and the PSK circuit 230 may be arranged
in series with each other such that an intermediate signal, $int, may
propagate between the FSK circuit 210 and the PSK circuit 230, for
example from the FSK circuit 210 to the PSK circuit 230. The FSK
circuit 210 may form part of a first stage of the transmitter 200
while the PSK circuit 230 may form part of a second 10 stage of the
transmitter 200. The transmitter 200 may be operable in a first mode
of operation to produce and transmit a FSK modulated signal, and in a
second mode of operation to produce and transmit a PSK modulated
signal. Therefore, depending on the mode of operation, the
transmitter 200 may be configured to operate as a FSK transmitter
(first mode of operation) and a PSK transmitter (second mode of
operation). In the first 15 mode of operation, the intermediate
signal, Sint/ may be a FSK modulated signal, while in the second mode
of operation, the intermediate signal, +int, may be a fixed frequency
signal. 100891 The FSK circuit 210 may include a pulse shaping
circuit 212, a delta-sigma modulator (AEM) 214, a frequency
interpolation circuit 216 which may be controlled by 20 the AEM 214
(the delta-sigma modulator (AEM) 214 and the frequency interpolation
circuit 216 are collectively shown as a single block labelled "FINT",
which means frequency interpolator), a shift register chain 217, a
multiplexer (MUX) array 222 and an oscillator 220. The shift register
chain 217 may receive one or more signals from the delta-sigma
modulator (AEM) 214 and/or the frequency interpolation circuit 216.
The 25 shift register chain 217, the MUX array 222 and the oscillator
220 may form an embedded hybrid filter or embedded finite impulse
response (FIR) filter 221. The oscillator 220 may be an
injection-locked relaxation oscillator (ILXO), free of any inductors.
100901 The AEM 214 may form part of a sampling circuit. The AEM 214
may include a 30 quantizer to receive, for example, a sequence of
bits. The AEM 214 may receive an input waveform (e.g. an injection
signal), $irki, as will be described later, and a data signal or 



control word, K (not shown). The AIM 214 may also receive FSK data
211, which may be shaped by the pulse shaping circuit 212 prior to
the AIM 214. The frequency interpolation circuit 216 may receive the
output of the AIM 214 as an input signal and may, for example, output
a select signal, for example one of SEL0 to SELII, for selecting  5 a
clock phase out of a plurality of clock phases (or periodic
waveforms) In this way, the AIM 214 may control the frequency
interpolation circuit 216, for example, for outputting a select
signal for selecting a clock phase or periodic waveform. The select
signals, SEL0 to SELii, may be provided to the shift register chain
217. In this way, the frequency interpolation circuit 216 may also be
seen as functioning to select a clock phase or 10 periodic waveform.
[0091] As a non-limiting example, the register arrangement or shift
register chain 217 may include 12 logic elements (or registers) which
may be activated by the select signal provided by the frequency
interpolation circuit 216. The logic elements or registers may
provide a unit delay equal to the clock period of 6ini. As a
non-limiting example, the shift  15 register chain 217 may include a
first logic element 218a, a second logic element 218b, up to a 12th
logic element 218c. The MUX array 222 may include 12 multiplexers,
for example, a first multiplexer (MUX) 223a, a second MUX 223b, up to
a 12th MUX 223c, where a respective MUX may be coupled to a
respective logic element of the shift register chain 217. As an
example, the first MUX 223a may be enabled by the first logic  20
element 218a, in turn activated by the first select signal, SEL0, for
selecting a first clock phase or periodic waveform. [0092] The
oscillator 220 may receive the injection signal, $jj, and may be used
for injection locking onto the frequency interpolated signal or the
injection signal Sq..; generated via clock period averaging. The
generation of the injection signal, 4i,j, will be  25 described
later. The oscillator 220 may output an intermediate signal, 4);",,
as an output, to the PSK circuit 230. The injection signal, (I);"j,
may be provided to the shift register chain 217.   [0093] The
transmitter 200 may also include a clock generator 250. The clock
generator 250 may include a delay-locked loop (DLL) 252, may be
utilized as a multi- 30phase reference generator, and a crystal
oscillator 254 coupled to each other. The crystal  



oscillator 254 may provide a reference clock signal, .ref, for
example having a frequency of about 133.33 MHz, as an input to the
DLL 252. The DLL 252 may include a phase detector (PD) 256, a charge
pump (CP) 258 having two current sources, e.g. a first current source
260a and a second current source 260b, and a first switch 262a and a
5 second switch 262b which may be toggled, a loop filter (LF) 263
defined by a capacitor 264 and a delay circuit (e.g. a voltage
controlled delay line (VCDL)) 266. The phase detector (PD) 256 may
receive Sref and an output signal of the delay circuit 266 as inputs.
The delay circuit 266 may receive S"f as an input. An output signal
from the loop filter 263 may also be inputted to the delay circuit
266. 10[0094] The phase detector (PD) 256, the charge pump (CP) 258
and the loop filter (LF) 263 may combine functionally to form a
feedback control loop such that the eventual loop filter voltage of
the loop filter (LF) 263 may settle or stabilise and may result in
the total delay of the delay circuit 266 to be at least substantially
equal to or close to or approaching to one clock period of the
reference clock, (kref, of the crystal 15oscillator 254. [0095] The
delay circuit 266 may, for example, include a plurality of delay
cells to generate a plurality of clock phases (or periodic waveforms)
of the reference clock, $"f, where the plurality of clock phases may
be different relative each other by their respective phases. For
example, the plurality of periodic waveforms may be delayed from 20
each other by a predetermined interval. As a non-limiting example,
there may be 12 delay cells for generating 12 periodic waveforms, for
example a first delay cell 268a for outputting a first periodic
waveform $o, a second delay cell 268b for outputting a second
periodic waveform (1)2, up to a 12th delay cell 268c for outputting a
12th periodic waveform 4i. The periodic waveforms, .0-11, may be
provided to the MUX array 222. 25 [0096] As a non-limiting example,
the first logic element 218a may be activated by the first select
signal SEL0, to enable the first MUX 223a for selecting or passing
through the first periodic waveform $o, the second logic element 218b
may be activated by the second select signal SEL1, to enable the
second MUX 223b for selecting or passing through the second periodic
waveform SI, and so on.  100971 In various embodiments, the PSK
circuit 230 may include a logic element 232, for example an
"Exclusive OR" (XOR) gate, which may receive QPSK data, DO and DI, so
as to provide an output signal to a variable capacitor 238, another
oscillator 234 coupled to the variable capacitor 238, and a phase
swap circuit 236 coupled to the ILO 234. The 5 oscillator 234 may be
an injection-locked oscillator (ILO), e.g. an LC (inductor-capacitor)
oscillator. The variable capacitor 238 may be used for tuning the
oscillation frequency of the oscillator 234. 100981 The transmitter
200 may also include a power amplifier (PA) 290 for amplification of
the FSK modulated signal or the PSK modulated signal prior to
10transmission. The transmitter 200 fiirther includes an antenna 292
for transmission of the 



FSK modulated signal or the PSK modulated signal. 100991 While not
shown in FIG. 2, one or more buffers (e.g. memory) may be provided in
the transmitter 200. For example, respective buffers may be arranged
at at least one of the output of the ILX0 220, the output of the ILO
234, the output of the phase swap 15circuit 236 or the output of the
PA 290. [0100] In various embodiments, the intermediate signal, ch.;
nt, may have a frequency of between about 133.33 MHz and about 145.45
MHz. lint may be injection locked into the ILO 234 via its third
harmonic, thereby causing the free running ILO 234 to lock to 3 times
the frequency of $int, generating an oscillator output signal having
frequencies 20 ranging from about 400 MHz to about 436.36 MHz.
Sub-harmonic (3rd) injection-locking of the average output frequency
of dili, triples the frequency at the output of the ILO 234.   [0101]
The transmitter of various embodiments may provide injection locking
solutions that are simple and low in power, as compared to
conventional mixer-based solutions 25 which are complex and power
consuming. [0102] The transmitter of various embodiments may include
open loop frequency modulation using AZ modulator based frequency
interpolator or interpolation circuit, as compared to conventional
closed loop PLL based solutions which have limited bandwidth (BW),
which severely limits data rate. 30[0103] In various embodiments, as
injection lock may allow phase modulation, such an approach may be
combined with AZ modulator based frequency interpolation to allow
direct modulation. This offers a simple approach as compared to
conventional 2 point modulation PLLs which are complex.   [0104] As
the modulated output may be dithered, and therefore not suitable for
use as QPSK reference, the trasmitter of various embodiments may use
injection locking to  5 reduce dithering in the frequency generation
stage. 



[0105] The use of dual injection locking requires 2 pairs of external
inductors, which are costly. However, in various embodiments of the
transmitter, the first injection-locked oscillator (ILO) may be
replaced with a relaxation oscillator with embedded FIR filter for
effective filtering. 10[0106] The operation of the FSK circuit 210
will now be described by way of the following non-limiting example,
with reference to FIGS. 3A to 3C. FIG. 3A shows a schematic view of a
frequency shift keying (FSK) circuit 210 and a clock generator 250,
according to various embodiments, which may be employed in the
transmitter 200 of FIG. 2. For simplicity and clarity, the phase
detector (PD) 256, the charge pump (CP) 258  15 and the loop filter
(LF) 263 are collectively shown as a block 270, and the MUX array 222
is represented by a single multiplexer. In addition, some elements
described in the context of transmitter 200 may not be shown in FIG.
3A but nevertheless may be present. [0107] In the initial startup of
the clock generator 250, the total delay in the delay circuit  20
(e.g. a voltage controlled delay line (VCDL)) 266 of the DLL 252 may
lock to exactly 1 (one) clock period (e.g. 133.33 MHz) of the
reference clock signal, cliref, of the crystal oscillator 254. Once
locked, the DLL 252 may produce or generate 12 evenly or similarly
spaced clock phases or periodic waveforms, +0411, each having a
reference frequency, fef, of about 133.33 MHz, similar to the
frequency of ti),,f. The 12 clock phases (4io-411) 25 may be provided
to the MUX array 222. 101081 The delta-sigma modulator
(AEM)-controlled frequency interpolation circuit 216 may select one
periodic waveform during each sampling cycle to provide a period
related to the output of the AIM 214. After a certain number of
sampling cycles, the dithering phase selection sequence generated by
the AIM 214 may produce an output waveform, 3041;11j, with an average
clock period that is a fraction between 11/12Terk and Tem, where
Tclk= 1/133.33MHz (Tca=1/hf). On average, the dithering phase
selection sequence may  produce an output waveform, (1),"j, with an
average clock period that is related to the input or control input,
K, of the AIM 214. 101091 As the AIM 214 may produce an average
output that matches its input, (1);"j, each different control word,
K, may result in the output having a unique fractional clock period 



5 or frequency. For example, may have a frequency of between about
133.33 MHz and about 145.45 MHz. Si.; may then be injection locked to
the ILX0 220. The ILX0 220 may then generate an output signal, kn.
The signal ckint may be injection-locked to the ILO 234 and pass
through the PSK circuit 230, amplified by the PA 290 which then
drives the antenna 292 to achieve FSK modulation. 10101101 In various
embodiments, Sini is used for injection locking for the ILXO 220 as
well as being a clock signal to drive the AIM 214. In other words,
the same signal +i"i is used for the AIM 214 and the ILX0 220. RIM]
In various embodiments, the AEM-controlled frequency interpolation
circuit 216 may be used to interpolate between two clock periods.
Through averaging, frequencies 15 ranging from about 133.33 MHz to
about 145.45 MHz may be generated with very fine resolution. The
frequency may be tuned by changing the digital control word, K. Thus,
narrowband tuning may be achieved. 101121 FIG. 3B shows an operation
of a frequency interpolation circuit (e.g. 216, FIG. 3A), according
to various embodiments, which enables quantification of the  20
frequency control. At every sampling cycle of the AIM (e.g. 214), a
clock phase (or periodic waveform) is selected from the clock phases
(or periodic waveforms) generated by the delay circuit (e.g. 266,
FIG. 3A). Depending on the next clock phase the frequency
interpolation circuit 216 may select in the next cycle, the period of
the overall waveform has a certain clock period. 25101131 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. 3B, the sampling 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
30respectively) may have a leading edge ( r) and a falling edge ( )
that correspond to a  clock edge 330. As shown in FIG. 3B, the
sampling clock signal may have 12 equally spaced apart clock edges
330. As shown in FIG. 3B, there may be 12 evenly spaced clock phases
corresponding to the waveforms A 332, B 334, C, D, E, F, G, H, I, J,
K and L 336 (waveforms C to K not illustrated in FIG. 3B), which may
correspond to the clock phases 



5So411. [0114] Each clock phase 4,44 (e.g. periodic waveform B 334)
leads a clock phase 4, (e.g. periodic waveform A 332) by Tem/12. The
output of the AIM 214 may determine the desired current clock period.
By adding the current clock period to the previous clock phase or
period, the current clock period could be deduced. As an example,
assuming the 10 previous clock phase or periodic waveform is A 332
and the output of the AIM 214 is zero, the clock period is (Tdk+Ox
TA/12) and therefore the current clock phase remains as A 332. Where
the output of the AIM 214 is -1, the clock period is (TdrIxTem/12),
and therefore the current clock phase is L (=A+11x Tem/12) 336. The
AIM 214 may have a 2- bit output (e.g. -2, -1, 0 and 1), which
corresponds respectively to clock periods of  15 10T,11112, 11
Te11112, 12Ta/12 and 13Tak/12. In this implementation, the AIM 214
may have an average output of between -1 and 0. [0115] As a
non-limiting example, as shown in FIG. 3B, if the 1st chosen clock
phase is A 332, the next phase may be the clock phase L 336 and every
subsequent 11th clock phase may then be selected, e.g. A 332, L 336,
K, J, I, H, G, F, E, D, C, B, and back to 20 A 332 and so on.
Therefore, the waveform may have an overall clock period of 11/12Tdk.
FIG. 3B also shows a merged waveform 338 of the waveforms A 332 and L
336, where the waveform 338 has a clock period of 11/1211m. In
various embodiments, every successive 10th, 11th, 12th or 13th chosen
clock phase may correspond to a clock signal having a corresponding
period of 10/12 Tcllo Talk or 13/12Tdk respectively.  25 [0116] For a
given input control word, K, the Al modulator-controlled frequency
interpolation circuit 216 may select any of the 10th, 11th, 12th or
13th successive phases randomly to generate an average clock period.
Each control word, K, may result 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. KO and
Kl, 30to represent the '0' and l' data. [0117] FIG. 3C shows the
operation of a frequency interpolation circuit (e.g. 216, FIG. 3A),
according to various embodiments, as a further non-limiting example.
FIG. 3C shows an output signal or waveform, Othj, 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  5 an average clock
period (or frequency) after 6 clock cycles of about 0.986T1k (average
Tclk- (Tclk 360 + 11/12Tdk 362 + 13/12T1k 364 + 11/12Tdk 366 +
11/12Tdk 368 +131127Tdk 370)/6). [0118] In various embodiments, the
AEM (e.g. 214) may be a digital element and may have a 2-bit output,
which may be designed to pick every subsequent 10th to 13th clock 10
phases, such that the input control word, K, for the AEM 214 may
result in a dithered sequence that results in an average phase
selection that is an interpolation between the 11th and 12th
successive phases. 



[0119] The operation of the PSK circuit 230 will now be described by
way of the following non-limiting example, with reference to FIGS. 4A
to 4C. FIG. 4A shows a  15 schematic view of a phase shift keying
(PSK) circuit 230 according to various embodiments, which may be
employed in the transmitter 200 of FIG. 2. For simplicity and
clarity, one or more elements described in the context of transmitter
200 may not be shown in FIG. 4A but nevertheless may be present.
[0120] The PSK circuit 230 may include a mapping circuit 402 which
may receive input 20 I and Q signals or data, and may perform the
desired mapping between input I and Q signals to the control signals
Data0 (DO) 404 and Datal (D1) 406. The PSK circuit 230 may further
include a logic element in the form of an "Exclusive OR" (XOR) gate
232 that may receive DO 404 and DI 406 so as to generate an output to
be provided to the ILO 234 as a control signal. D1 406 may also be
provided to the phase swap circuit 236  25 to serve as a control
signal. Also illustrated in FIG. 4A are out of phase injection
signals, Fin and Fhb, that may be inputted to the ILO 234. One or
both of the signals, Fin and Finb, may be equivalent to the signal,
011,t, shown in FIG. 2. [0121] The ILO 234 may include a plurality of
frequency modulating elements, for example in the form of capacitors,
for changing the resonant frequency of the ILO 234. 30 By changing
the resonant frequency of the ILO 234, the relationship between the
resonant frequency and the frequency of the injected intermediate
signal, int, may be changed, resulting in changes to the phase of the
output signal generated by the ILO 234, thereby allowing phase
modulation. 101221 In various embodiments, as a non-limiting example,
the ILO 234 may include two capacitor bank arrangements, which may
result in two output phases that are 90 apart. 5 Each of the two
capacitor bank arrangements may be arranged in a row and coupled in
parallel to each other. Each capacitor bank arrangement may include
two capacitors arranged in series with each other, and may also
include a switch arranged in between the two series capacitors, where
the switch may be toggled to activate or switch on the respective
capacitor bank arrangement so as to provide an output with the
required output 



10 phase, for example 45 or -45. The output signal from the XOR gate
232 may act as a control signal to control switching of the
respective capacitor bank arrangement. 101231 The phase swap circuit
236 may be employed to produce two possible output signals whose
respective phases may be inverted (e.g. 180 apart) with respect to
each other. The phase swap circuit 236 may have two input ports, for
example a first input 15 port 410a which may be coupled to a first
output port 408a of the ILO 234, and a second input port 410b which
may be coupled to a second output port 408b of the ILO 234. The phase
swap circuit 236 may also include two output ports, for example a
first output port 412a and a second output port 412b. [0124] DI 406
may act as a control signal to control coupling between the input 20
ports 410a, 410b, and the output ports 412a, 412b, to produce
different output signals. For example, based on the value (e.g. "0"
or "1") of D1 406, respective coupling paths may be established
between the first input port 410a and the first output port 412a via
the coupling path as represented by the dashed line 414, and between
the second input port 410b and the second output port 412b via the
coupling path as represented by the 25 dashed line 416, so as to
produce a first output signal (+ow), or respective coupling paths may
be established between the first input port 410a and the second
output port 412b via the coupling path as represented by the dotted
line 418, and between the second input port 410b and the first output
port 412a via the coupling path as represented by the dotted line
420, so as to produce a second output signal (c1)",,t2). Sow and
otIout2 may have a phase 30difference of 180.  [0125] As a
non-limiting example, based on one value of Dl 406, an input signal,
(615 received at the first input port 410a of the phase swap circuit
236 from the first output port 408a of the ILO 234, may be coupled to
the first output port 412a, via coupling part 414, to produce 00ou
having the same phase as $inl, or ckini may be coupled to the 5
second output port 412b, via coupling part 418, to produce +(ma
having a phase that is inverted (1800) to the phase of (1);"1. Also,
based on another value of Dl 406, an input signal, 011,2, received at
the second input port 410b of the phase swap circuit 236 from the
second output port 408b of the ILO 234, may be coupled to the second
output port 412b, via coupling part 416, to produce +out, having the
same phase as S1n2, or 4in2 may be 10 coupled to the first output
port 412a, via coupling part 420, to produce +""t2 having a phase
that is inverted (180) to the phase of 42. Therefore, the switching
that occurs at the phase swap circuit 236 may be used together with
the ILO 234 to control the output phase of the PSK circuit 230.
[0126] The phase modulation principle of the PSK circuit 230 will now
be described with 15 reference to FIG. 4B. FIG. 4B shows plots 430,
440 illustrating the effects of phase modulation through modifying
the self resonant frequency of a LC (inductor-capacitor) tank,
according to various embodiments, which may be applicable for the ILO
234. Plot 430 shows the relationship between the output amplitude and
frequency, while plot 440 shows the relationship between the output
phase shift with frequency. 20 [0127] While the output frequency of
the ILO 234 may be locked to the harmonic 802 of the injected signal,
+int, the output phase of the ILO 234 may be determined by the
difference between the self-resonant frequency of the LC tank (not
shown) within the ILO 234 and the hannonic 432 of the injected
signal, Sint- 



[0128] As illustrated by the solid line curves (434 and 442) in FIG.
4B, by controlling the 25 self-resonant frequency (denoted by the
reference numeral 435) of the LC tank to be lower than the harmonic
frequency 432 of +int in such a way that the LC tank signal 434
coinciding with the harmonic frequency 432 of Sint lags behind
(denoted using the reference numeral 444) the harmonic 432 of (km by
45, an output signal may exhibit -45 phase shift. On the other hand,
as illustrated by the dotted line curves (436 and 446), by 30 making
the self-resonant frequency (denoted by the reference numeral 437)
higher than  the harmonic signal 432 so that the LC tank signal 436
coinciding with the harmonic frequency 432 may be ahead (denoted
using the reference numeral 448) of the harmonic signal by 45, an
output signal phase shift becomes +45. Therefore, by changing the
self-resonant frequency (435 and 437) of the LC tank, a phase
difference of 90 may be 5 created in an output signal. The
self-resonant frequency of an LC tank may be modified through
capacitor bank switching, as earlier described. 101291 With reference
to FIG. 4A, in order to generate all four phases required for QPSK
modulation, the phase swap circuit (or polarity swap circuit) 236 may
be employed to introduce a 180 phase shift to the output signal.
Hence, the phase swap circuit 236 may 10 be employ to reverse or
invert the phase of the carrier signal, so that for the injected
intermediate signal Tint already with, for example, 45 and -45 phase
shift (compared with the original phase of the injected signal Lin),
an overall phase shift of -135 and 135 (compared with the original
phase of the injected signal LA) may be achieved. Therefore, by
employing both capacitor banks (which is incorporated inside the ILO
234) and the 



15  phase swap circuit 236, +45, -45, -135 and +135 phase shifts, for
example, for QPSK modulation may be realised. 101301 As a
non-limiting example, an operation of the PSK circuit 230 may be
implemented based on the parameters listed in Table 1, which may
result in different output phases depending on the respective
combination of Data 404 and Datal 406. 20Table 1: Datal Data Output
Phase 1 1 45 1 0 -45 0 0 



135 0 1 -135  101311 FIG. 4C shows a plot 450 illustrating the phase
of an output signal of a phase shift keying (PSK) circuit, according
to various embodiments. The FSK circuit may generate at least one of
an output signal 452 having a phase of 45, an output signal 454
having a 25 phase of -45, an output signal 456 having a phase of -135
which may be phase swapped  from the signal 452, or an output signal
458 having a phase of 135 which may be phase swapped from the signal
454. [0132] In various embodiments, with reference to FIG. 2, the
first stage of the transmitter 200 may include a AE based FSK circuit
210. The first stage may include or 5 provide a AE-modulated
frequency reference. By applying AE modulation on a delay-locked loop
(DLL) multi-phase reference 252, different output frequencies may be
generated by averaging and interpolating between 2 reference clock
periods. In order to make the noisy dithered signal useful as a
frequency reference, dual injection locking may be employed to reduce
the effects of dithering. Two injection locked oscillators may 



10 be provided in the transmitter 200 for effective filtering. In
order to cut down on the use of inductors, which are costly and
occupy a large area, especially in the low frequency regime, instead
of using two LC injection locked oscillators, a hybrid FIR technique
with an injection-locked relaxation oscillator (ILXO) 220 is adopted
in the first stage as a substitute for one of the injection-locked
oscillators. Unlike typical digital finite impulse 15 response (FIR)
filters, FIR filtering in various embodiments is performed in both
the digital and analog domains, where phase selection is done in the
digital domain while the selected phases from the MUX array 222 are
"summed" using an injection locked relaxation oscillator (ILX0) 220
in the analog domain. This approach is different from conventional
FIR embedded techniques, which for example use a multi-bit charge
pump 20 as a summer, where the injection locked oscillator 220 in the
first stage may provide additional averaging/filtering benefit.
Compared with conventional phase-averaging phase interpolators, the
relaxation oscillator 220 of various embodiments may not consume
additional power for each FIR tap, thus contributing to further power
savings. [0133] The second stage of the transmitter 200 may include
an LC injection-locked 25 oscillator (ILO) 234 as the other of the
two injection locked oscillators described above, which may be used
for multiple functions. Besides providing additional filtering at the
output, the ILO 234 may also multiply the generated frequency from
the first stage up to the desired output frequency through
sub-harmonic injection locking. As the output phase of the resultant
signal may be determined by the free running frequency of the ILO 234
30and the frequency of the injected signal, e.g. +int, the output
phase may be manipulated by  controlling the resonant frequency of
the ILO 234. Hence, phase modulation may be made possible by the
second stage injection locking. [0134] The FSICJQPSK modes of the
transmitter of various embodiments will now be described, with
reference to FIGS. 2, 3A and 4A. 5[0135] In order to use the
transmitter 200 as an FSK transmitter for transmission of a FSK
modulated signal, the QPSK control data bits, D1 and DO, may be held
constant. Frequency selection may be done by changing the control
word, K, for the AZ modulator 214. The frequency step may be
determined by the resolution of the AE modulator 214. In various
embodiments, the AZ modulation may be used to interpolate 10 between
11/12 Tak and Tca, which may give rise to a generated frequency
between about 133.33 MHz and about 145.45 MHz. When the generated
signal is injection-locked into the second stage LC ILO 234 via its
third harmonic, the output may have a tuning range of between about
400 MHz to about 436.36 MHz. [0136] In QPSK mode, the AI modulator
control word, K, may be fixed to provide a  15 fixed frequency
reference, fmod. The ILO 234 in the second stage may be calibrated to
provide two capacitor bank settings as described above which may give
rise to two output phases that are 900 apart when locked to f",,,d.
The phase swap circuit 236 may provide additional phases required by
QPSK modulation by inverting the output phase. In various
embodiments, the QPSK I/Q data, e.g. DO and D1, may control both the
capacitor bank 



20settings of the ILO 234, and the phase swap circuit 236, to
generate 4 orthogonal phases for QPSK modulation. [0137] In various
embodiments, dual injection locking may be provided to generate an
output of reasonable phase noise. Without filtering, the reference
frequency used for injection locking may be dithered and phase errors
that may result may degrade the error 25 vector magnitude (EVM)
measurement of the transmitter 200. A smaller EVM increases the
probability of correct data being obtained on the receiver side.
[0138] In both modes of operation for the transmitter, the generated
signal, being either the FSK modulated signal or the PSK modulated
signal, may be relayed to the antenna 292 through the power amplifier
(PA) 290 for transmission. 30[0139] As described above, the
transmitter of various embodments may incorporate a dual FSK/QPSK
modulation scheme architecture based on injection locking. In other
words, the transmitter may support frequency and phase modulation
schemes, and incorporating an injection-locking approach. The
transmitter may include an embedded FIR filter with injection lock
for dual noise filtering. [0140] Additional LC injection locking may
be required to reduce dithering from the 1st  5 stage. In various
embodiments, a relaxation oscillator combined with embedded FIR
technique is used instead of an LC-ILO to provide effective filtering
effect, and saving inductors in the process. In this way, the use of
inductors may be minimised or avoided, thus saving cost and chip area
needed to accommodate inductors. [0141] By providing direct frequency
and phase modulations, the architecture of various 



10 embodiments may avoid the pitfalls that come with system
complexity like additional baseband processing and modulation gain
balancing required for the conventional mixer based architectures and
the 2-point modulation PLL solutions. This versatility enables the
architecture of various embodiments to support multiple standards.
[0142] In addition, the transmitter of various embodiments may offer
very high data  15 rates, which may be constrained only by the
practical limits of injection lock time and AZ averaging, unlike
closed loop systems such as the conventional fractional-N PLL, whose
data rate is severely restricted by its loop bandwidth. Despite being
an open loop system, the transmitter of various embodiments enjoys
relatively good phase noise due to built-in filtering compared with
some of the existing open-loop systems which suffer from  20
frequency drifting. Moreover, the transmitter of various embodiments
has flexible frequency selection, thus enabling multi-channel
support, especially in the congested spectrums, unlike the rigid
system in conventional transmitters, for example having the injection
locked ring oscillator (RO) with hybrid edge combiner/power amplifier
(EC/PA) architecture. 25[0143] Furthermore, in various embodiments,
by employing injection locking, frequency generation may be performed
in a lower frequency domain. Coupled with the use of low power
relaxation oscillator in the first stage, power consumption may be
kept low. [0144] The design of the transmitter will now be described
by way of the following non-limiting example. The transmitter may be
implemented in 65 nm CMOS, where the 30simulated power consumption is
slightly less than about 2 mW. The frill system or transmitter
archjitecture may occupy about 0.23 mm2 of active area as it does not
have  any passive inductor on the chip. FIG. 5 shows a die photo 500
of a transmitter, according to various embodiments. As shown in FIG.
5, the transmitter may include a AZ modulator 502, a delay-locked
loop (DLL) circuit 504, a multiplexer (MUX) an-ay 506, a filter
capacitor arrangement 508, an injection-locked relaxation oscillator
(IXRO) 510, an  5 injection-locked LC oscillator (ILO) 512, a phase
swap circuit 514, and a power amplifier (PA) 516. [0145] Simulation
and measurement results for the transmitter will now be described by
way of the following non-limiting examples. [0146] The output spectra
at the power amplifier (PA) of a transmitter of various 



10 embodiments for different modes of operation are shown in FIGS. 6A
and 6B. FIG. 6A shows a plot 600 of simulated output spectrum at the
power amplifier (PA) output, illustrating FSK operation at a data
rate (DR) of about 1 Mbps (up to 5 Mbps) with a frequency separation
of about 1 MHz, while FIG. 6B shows a plot 610 of simulated output
spectrum at the power amplifier (PA) output, depicting QPSK mode of
operation 15 at a data rate (DR) of about 20 Mbps or a symbol rate
(SR) of about 10 Msps. The center frequencies chosen for the FSK and
QPSK modes are about 404.5 MHz and about 402.5 MHz respectively. As
may be observed in FIGS. 6A and 6B, multiple modulation schemes may
be supported by the transmitter of various embodiments, illustrating
FSK and QPSK modulation capabilities. 20[0147] FIG. 6C shows a plot
620 of simulated results illustrating the effects of dual injection
locking, according to various embodiments, highlighting the need for
dual injection locking instead of single injection locking. Plot 620
shows spectrum 622 obtained at the output of the relaxation
oscillator (ILX0) with FIR embedded filtering, after the first
injection locking, and spectrum 624 obtained at the output of the
injection  25 locked oscillator (ILO), after the second injection
locking. The results in FIG. 6C clearly shows the suppression of the
high frequency noise and the side spurs which may be the results of
AZ modulation noise shaping and use of sub-harmonics for injection
locking, thus improving short term jitter or phase noise. The arrow
626 indicates the desired frequency. 30[0148] FIG. 6D shows a plot
630 of measured results illustrating the effects of finite impulse
response (FIR) embedded filtering, according to various embodiments.
Plot 630  shows result 632 for measured phase noise at the output of
the relaxation oscillator (ILX0) without FIR embedded filtering, and
result 634 for measured phase noise at the output of the relaxation
oscillator (ILX0) with FIR embedded filtering. As may be observed,
the FIR embedded filtering may also help to contain or suppress the 5
high frequency noise to some extent. However, it may not be as
effective as the dual injection locking approach. [0149] As shown in
FIGS. 6C and 6D, the overlapped spectra show the benefits of dual
injection locking and FIR embedded filtering, which clearly
demonstrate high frequency noise suppression. 10[0150] The
architecture of various embodiments may be simple and may consume
less power compared to conventional architectures. Various
embodiments of the transmitter may be designed for or with one or
more of the following parameters: (1) injection locked open loop
modulation; (2) data rate of 5 Mbps for FSK and > 20 Mbps for QPSK;
(3) resolution of about 1.024 kHz for FSK; (4) power consumption of
about 1.9 mW; (5) 15 power supply, Vdd, of about 1 V; (5) energy/bit
of about 0.095 - 0.38 nllbit; (6) frequency range of about 400 -
436.36 MHz MICS/ISM/WBAN; (7) phase and frequency modulations
supported; (8) transmitter power of about -5 dBm; (9) phase noise of
approximately -105 dBc/Hz at 1 M Hz offset (estimated from
simulation); (10) process based on 65nm CMOS; or (11) active area of
0.23 mm2 



20[0151] Various embodiments of the transmitter may be used in low
power, multi-channel, narrowband applications with reconfigurable
frequency and phase modulation (e.g. WBAN 802.15.6). In addition, the
transmitter may be used to support multiple standards which may
require different modulation schemes. The transmitter of various
embodiments may also be used for wireless communication system, for
example in low- 25 power bio-medical applications. The transmitter of
various embodiments may also be suitable for portable wireless and/or
wearable devices. [0152] It should be appreciated that modifications
to the transmitter of various embodiments may be carried out to
include amplitude modulation to support additional modulation
schemes, for example quadrature amplitude modulation (QAM), etc. In
30addition, in-band noise reduction may be incorporated.  [0153]
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 5 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.  CLAIMS    1. A transmitter
comprising: a frequency shift keying (FSK) circuit; and 



5a phase shift keying (PSK) circuit coupled in series to the FSK
circuit;       wherein the FSK circuit is configured, in a first mode
of operation, to provide a FSK modulated signal to the PSK circuit,
and, in a second mode of operation, to provide a fixed frequency
signal to the PSK circuit, and         wherein the PSK circuit is
configured, in the first mode of operation, to transmit 10 the FSK
modulated signal, and, in the second mode of operation, to provide a
PSK modulated signal based on the fixed frequency signal received
from the FSK circuit.    2. The transmitter as claimed in claim 1,
wherein in the first mode of operation, the PSK circuit is further
configured to upscale a frequency of the FSK modulated signal. 15 3.
The transmitter as claimed in claim 1, wherein the FSK circuit
comprises: an oscillator coupled to the PSK circuit,          wherein
the oscillator is configured for injection-locking of a frequency of
the FSK modulated signal or the fixed frequency signal to a frequency
of an injection signal 20to be inputted into the oscillator. 4. The
transmitter as claimed in claim 3, wherein the PSK circuit comprises:
another oscillator coupled in series to the oscillator to receive the
FSK modulated signal or the fixed frequency signal, and to produce an
output signal, 25wherein the other oscillator is configured for
injection-locking of a frequency of the output signal to the
frequency of FSK modulated signal or the fixed frequency signal.
5. The transmitter as claimed in claim 4,            wherein, in the
first mode of operation, the other oscillator is configured to 30
upscale the frequency of the FSK modulated signal to produce the
output signal, and         wherein, in the second mode of operation,
the other oscillator is configured to vary its resonant frequency in
response to a control signal to produce the output signal, wherein
the output signal has a phase determined based on the frequency of
the fixed frequency signal and the resonant frequency of the other
oscillator, the phase being 



5selected from two possible phases spaced apart by 900.  6. The
transmitter as claimed in claim 5, wherein, in the first mode of
operation, the other oscillator is configured to produce the output
signal based on a third harmonic of the frequency of the FSK
modulated signal. 10 7. The transmitter as claimed in claim 3,
wherein the FSK circuit further comprises: a finite impulse response
(FIR) filter configured to generate the injection signal, the
injection signal having a frequency that depends on input signals to
the FIR filter. 158.The transmitter as claimed in claim 7, further
comprising:       a clock generator configured to generate a
plurality of periodic waveforms delayed from each other by a
predetermined interval,       wherein the FIR filter is configured to
select one or more periodic waveforms from the plurality of periodic
waveforms to generate the injection signal. 20 9. The transmitter as
claimed in claim 8, wherein the FSK circuit further comprises:
a frequency interpolation circuit configured to provide one or more
select signals to the FIR filter for selecting the one or more
periodic waveforms from the plurality of periodic waveforms. 25 10.
The transmitter as claimed in claim 8, wherein the clock generator
comprises: a delay circuit configured to generate the plurality of
periodic waveforms based on a reference clock signal. 3011.The
transmitter as claimed in claim 10, wherein the clock generator
further comprises: 



a crystal oscillator configured to provide the reference clock
signal. 12. The transmitter as claimed in claim 8, wherein the FSK
circuit further comprises: a sampling circuit configured to provide
an input signal to the frequency 5interpolation circuit, the sampling
circuit adapted to receive a data signal,       wherein the frequency
interpolation circuit is configured to provide the one or more select
signals to the FIR filter based on the input signal,       wherein,
in the first mode of operation, the data signal is varied, and
wherein the sampling circuit is configured to be controlled by the
varied data signal to control the  10 frequency interpolation circuit
to provide the one or more select signals to the FIR filter to select
the one or more periodic waveforms during respective sampling cycles,
for the FSK circuit to produce the FSK modulated signal; and
wherein, in the second mode of operation, the data signal is fixed,
and wherein the sampling circuit is configured to be controlled by
the fixed data signal to control the  15 frequency interpolation
circuit to provide the one or more select signals to the FIR filter
to select the one or more periodic waveforms during respective
sampling cycles, for the FSK circuit to produce the fixed frequency
signal. 13. The transmitter as claimed in claim 12, wherein, in the
first mode of operation and 20the second mode of operation, the
sampling circuit is configured to be controlled by the data signal to
have the FIR filter select two periodic waveforms.    14. The
transmitter as claimed in claim 8, wherein the injection signal has a
frequency that is at least substantially equal to an average
frequency of the selected periodic 25 waveforms. 15. The transmitter
as claimed in claim 5, wherein the PSK circuit further comprises: a
phase swap circuit configured to receive the output signal produced
by the other oscillator, 



30wherein, in the first mode of operation, the phase swap circuit is
configured to transmit the output signal, and         wherein, in the
second mode of operation, the phase swap circuit is configured to
produce one output signal out of two possible output signals, wherein
an output signal of the two possible output signals has a phase that
is the same as a phase of the output signal produced by the other
oscillator, and wherein another output signal of the two possible
5output signals has a phase that is inverted to a phase of the output
signal produced by the other oscillator.  16. The transmitter as
claimed in claim 1, further comprising an amplifier configured, in
the first mode of operation, to amplify the FSK modulated signal
prior to transmission 10 by the transmitter, and, in the second mode
of operation, to amplify the PSK modulated signal prior to
transmission by the transmitter.   17. The transmitter as claimed in
claim 1, further comprising an antenna for transmission of the FSK
modulated signal in the first mode of operation, and the
15transmission of the PSK modulated signal in the second mode of
operation. 18. The transmitter as claimed in claim 9, wherein the FIR
filter comprises: a register anangement configured to receive the one
or more select signals; and a plurality of multiplexers coupled to
the register arrangement, 20wherein a respective multiplexer of the
plurality of multiplexers is configured to receive a respective
periodic waveform of the plurality of periodic waveforms, and
wherein the register arrangement is configured to select one or more
multiplexers of the plurality of multiplexers in response to the one
or more select signals to select the one or more periodic waveforms
for generating the injection signal. 


