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GFSK RECEIVER 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to Wireless 
communication devices, and speci?cally to receivers for use 
in high-speed Wireless digital communications. 

BACKGROUND OF THE INVENTION 

[0002] BluetoothTM is a Wireless technology designed to 
alloW instant, short-range digital connections to be made 
betWeen different electronic devices, replacing the cables 
that connect current devices. The Bluetooth radio is built 
into a microchip and operates in the unlicensed 2.4 GHZ 
band. Frequency-hop transceivers are used to combat inter 
ference and fading. Information is exchanged in packets, 
With each packet transmitted on a different hop frequency. 
The data bits are encoded using Gaussian Frequency Shift 
Keying (GFSK), a shaped, binary frequency modulation 
scheme aimed at minimiZing transceiver complexity. The 
speci?ed symbol rate is 1 million symbols per second (1 
Ms/s). Technical aspects of Bluetooth are described in detail 
in the Bluetooth speci?cation, Which is available at WWW 
.bluetooth.com and is incorporated herein by reference. 

[0003] A receiver for use in a Bluetooth environment 
ampli?es signals that it receives from the transmitter and 
doWnconverts them to baseband for demodulation. The 
ampli?cation is typically controlled by an automatic gain 
control (AGC) circuit, as is knoWn in the art. In addition, the 
receiver preferably generates a receiver signal strength indi 
cator (RSSI) signal, Which is returned to the transmitter for 
use in controlling the transmitted poWer. To demodulate the 
signals, the receiver must be synchroniZed With the timing 
and frequency offset of the transmitted signal. For this 
purpose, Bluetooth packets have an access code header that 
includes a 64-bit synchroniZation Word (sync Word). The 
receiver must detect the sync Word in order to generate the 
required timing and frequency adjustments. Once the 
receiver is synchroniZed, it demodulates the digitiZed signals 
to recover the binary symbol stream of ones and Zeroes. 

[0004] Various methods are knoWn in the art for demodu 
lation of frequency shift-keyed (FSK) signals. The simplest 
method (Which has been implemented in early Bluetooth 
receivers) is analog discrimination of the frequency changes 
in the signal. Coherent, digital demodulation methods, hoW 
ever, provide better performance in conditions of loW signal/ 
noise ratio (SNR) and high intersymbol interference (ISI). 
An exemplary method of this type is described by Morelli et 
al., in “Joint Phase and Timing Recovery With CPM Sig 
nals,” published in IEEE Transactions on Communications 
45:7 (1997), pages 867-876, Which is incorporated herein by 
reference. The authors propose a general method for pro 
cessing continuous-phase modulation (CPM) signals, noting 
that the method is particularly advantageous in continuous 
phase frequency-shift keying (a class of FSK that includes 
GFSK). According to the method of Morelli et al., digitiZed 
signals are processed using a maximum likelihood method 
to determine the correct carrier phase and timing. The phase 
and timing are then used in coherent demodulation of the 
signals. 

SUMMARY OF THE INVENTION 

[0005] It is an object of some aspects of the present 
invention to provide an improved receiver for FSK signals, 
and particularly GFSK signals sent over a Wireless link. 
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[0006] It is a further object of some aspects of the present 
invention to provide an improved method for sync Word 
detection in a FSK signal, and particularly a method that is 
not sensitive to frequency offset of the signal. 

[0007] It is yet a further object of some aspects of the 
present invention to provide an improved method for auto 
matic frequency control of a radio receiver. 

[0008] It is still a further object of some aspects of the 
present invention to provide an improved method for 
demodulation of a FSK signal. 

[0009] It is another object of some aspects of the present 
invention to provide improved methods and circuits for 
automatic gain control in a radio receiver. 

[0010] In preferred embodiments of the present invention, 
a digital Wireless receiver processes and demodulates GFSK 
signals using a partially coherent demodulation scheme. 
Each symbol in the received signal is demodulated by 
calculating correlations betWeen a segment of the signal that 
contains the current symbol and a plurality of different 
symbol sequences that could correspond to the segment. In 
other Words, a time WindoW is de?ned, preferably centered 
on the current symbol, and the correlations are performed on 
the segment of the signal contained in the WindoW. Most 
preferably, the WindoW contains three symbols before and 
three symbols after the current symbol, although other 
WindoW siZes may also be used. While the three symbols 
preceding the current symbol have already been determined, 
the current symbol and the three succeeding symbols are still 
undetermined. Therefore, the correlation calculation is per 
formed for each of the different possible combinations of 
values of the current symbol and the succeeding symbols in 
the WindoW. In the present exemplary embodiment, using 
GFSK modulation and a WindoW that looks ahead four 
symbols, sixteen correlations must be calculated to decode 
each symbol. The current symbol is decoded by choosing the 
combination having the highest correlation value. The Win 
doW is then moved ahead one symbol, and the process is 
repeated. 

[0011] Optionally, the decoded current symbol value can 
be used in recalculating the correlation values for the 
preceding symbols. Such a recalculation may be useful in 
correcting errors that occurred in decoding earlier symbols, 
but at the cost, or course, of increased computational com 
plexity. 

[0012] In some preferred embodiments of the present 
invention, the signals sent to the receiver include a knoWn 
sync Word, such as the sync Word provided by the above 
mentioned Bluetooth standard, Which precedes the actual 
data that must be demodulated. The receiver detects the sync 
Word in order to ?nd the appropriate timing, frequency and 
fading adjustments to use in subsequent demodulation of the 
data. For this purpose, the receiver samples the signal and 
then takes the difference betWeen each sample and the next. 
The differential samples are correlated With the knoWn sync 
Word until a match is found that gives a maximum value of 
the correlation. While matched ?ltering is knoWn in the art 
for correlating a signal With a knoWn template, the matched 
?ltering technique is by itself very sensitive to frequency 
offset and drift betWeen the transmitter and the receiver, 
Which commonly occurs in systems such as Bluetooth. By 
using the differential samples, preferred embodiments of the 
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present invention eliminate this frequency offset, enabling 
the receiver to achieve consistently accurate sync Word 
detection. 

[0013] In preferred embodiments of the present invention, 
the receiver comprises an automatic frequency control 
(AFC) circuit, Which applies a phase rotation to the input 
signal before demodulation in order to correct for frequency 
errors. First, an initial AFC setting is determined, typically 
based on sync Word detection, as described above. There 
after, the AFC circuit preferably uses the decision output of 
the receiver to detect and correct for small frequency drifts 
that may occur during transmission. The drift is detected 
using groups of successive symbol decision outputs, 
together With the samples of the signal that Were used in the 
correlation operations for determining the outputs. The 
phase deviation betWeen the samples, relative to the decision 
outputs, gives an estimate of the frequency drift. The drift is 
preferably accumulated using a loop ?lter, and the ?lter 
output is used to correct the phase rotation of the input signal 
to the demodulator. 

[0014] While the Bluetooth standard provides a header 
(including the sync Word) at the beginning of each data 
packet, it does not provide any tail bits at the end of the 
packet. Therefore, at the end of the packet, the signal 
amplitude typically drops abruptly. This drop-off may cause 
errors in demodulating the signal at the end of the packet. 
When the packet ends With an error detection code, such as 
a cyclic redundancy check (CRC) code, as is common 
practice, a bit error at the end of the packet can result in a 
CRC error, causing the entire packet to be discarded. There 
fore, some preferred embodiments of the present invention 
provide mechanisms for overcoming the uncertainty that 
may occur in the bits at the tail end of the packet. In one such 
preferred embodiment, When the CRC check (or other error 
detection procedure) is performed, the last bit or bits in the 
packet are alloWed to take on either of the values Zero and 
one. In other Words, tWo or more alternative error checks are 

performed, corresponding to the alternative ending bits of 
the packet. As long as one of the checks returns a positive 
result, the packet is considered to be valid. 

[0015] In another preferred embodiment, the point in the 
signal that corresponds to the last bit in the packet is detected 
based on the knoWn packet length, Which is speci?ed in the 
packet header. FolloWing this last bit, a number of constant 
valued samples are injected into the demodulator as arti?cial 
tail bits, to enable accurate demodulation of the signal up to 
the last actual bit in the packet. 

[0016] In some preferred embodiments of the present 
invention, a novel automatic gain control (AGC) circuit is 
used to control the ampli?cation of the input signals in the 
receiver. While AGC circuits are Well knoWn in the art, the 
Bluetooth environment poses unusual challenges to AGC 
design, due to frequency hopping of the transmitter and the 
possibility of strong interfering signals at frequencies near 
the transmitter frequency. Because of the rapid variations in 
the signal that may occur due to frequency hopping, the 
AGC circuit preferably generates an estimate of the level of 
the input signal received from the transmitter over only an 
initial portion of the packet header at each neW frequency. 
Interference at adjacent frequencies is ?ltered out of the 
AGC input, and suf?cient dynamic range is provided in the 
input circuits of the receiver so that the amplitude of the 
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input signal, folloWing ampli?cation, can be held approxi 
mately constant even in the presence of interference. The 
ampli?cation level of the input circuits is preferably held 
constant over the entire duration of the packet, unless the 
AGC circuit detects a substantial change in the input signal 
amplitude. 
[0017] Although preferred embodiments are described 
herein With speci?c reference to the Bluetooth standard and 
Wireless GFSK receivers, the principles of the present inven 
tion may also be applied, mutatis mutandis, to digital 
receivers and demodulators of other types. While the meth 
ods and devices of the present invention are directed par 
ticularly at solving problems inherent in Wireless transmis 
sion, the principles embodied therein are also applicable to 
Wireline receivers, especially in systems that use FSK modu 
lation schemes. 

[0018] There is therefore provided, in accordance With a 
preferred embodiment of the present invention, a method for 
synchroniZing a receiver to a stream of transmitted symbols 
that includes a knoWn synchroniZation Word, the method 
including: 

[0019] receiving a signal in Which the symbols, 
including the synchroniZation Word, are encoded by 
frequency shift keying; 

[0020] sampling and digitiZing the signal to generate 
a sequence of input samples; 

[0021] determining, for each of the input samples, a 
phase difference relative to a preceding input sample 
in the sequence, thereby generating a sequence of 
differential samples corresponding respectively to 
the input samples; and 

[0022] matching the differential samples to the syn 
chroniZation Word. 

[0023] Preferably, receiving the signal includes receiving 
the signal at a radio frequency having a frequency offset 
relative to a channel frequency designated for the signal, and 
determining the phase difference includes canceling the 
frequency offset out of the differential samples before 
matching the differential samples to the synchroniZation 
Word. 

[0024] In a preferred embodiment, receiving the signal 
includes receiving the stream of symbols encoded by Gaus 
sian frequency shift keying. 

[0025] Preferably, the symbols are transmitted at a given 
symbol rate, and sampling and digitiZing the signal includes 
generating the input samples at a sample rate greater than the 
symbol rate, Wherein determining the phase difference 
includes computing the phase difference betWeen pairs of 
the input samples that are separated by an interval that is a 
reciprocal of the symbol rate. 

[0026] Additionally or alternatively, determining the 
phase difference includes taking a complex cross product 
betWeen each of the input samples and the preceding input 
sample. 
[0027] In a preferred embodiment, matching the differen 
tial samples includes determining reference samples that 
correspond to frequency shift keying of the synchroniZation 
Word, and correlating the sequence of differential samples 
With the reference samples. Preferably, determining the 
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reference samples includes providing coef?cients such that 
multiplication of the symbols in the synchronization Word 
by the coef?cients Will generate the reference samples, and 
correlating the sequence of differential samples includes 
multiplying the differential samples by the coef?cients. 

[0028] Additionally or alternatively, correlating the 
sequence of differential samples includes computing a 
sequence of correlation values by correlating different, 
respective portions of the sequence of input samples With the 
synchroniZation Word, and matching the differential samples 
includes choosing the portion of the sequence of input 
samples that best matches the synchroniZation Word by 
?nding a peak value among the correlation values corre 
sponding to the chosen portion. Preferably, sampling and 
digitiZing the signal includes generating complex samples, 
and computing the sequence of correlation values includes 
computing complex correlation values, Wherein the method 
includes determining a phase angle of the peak correlation 
value, and correcting a phase of the input samples of the 
signal subsequent to the synchroniZation Word responsive to 
the phase angle. 

[0029] Preferably, matching the differential samples 
includes ?nding a time offset of the input samples relative to 
the synchroniZation Word, and the method includes decoding 
the input samples of the signal subsequent to the synchro 
niZation Word responsive to the time offset. Further prefer 
ably, matching the differential samples includes ?nding a 
frequency offset of the signal relative to an expected fre 
quency, and decoding the input samples includes adjusting 
the decoding of the samples responsive to the frequency 
offset. Additionally or alternatively, decoding the input 
samples ?nding correlations betWeen portions of the 
sequence of input samples and corresponding groups of 
symbols, so as to determine the symbols that Were trans 
mitted in the stream. 

[0030] There is also provided, in accordance With a pre 
ferred embodiment of the present invention, a method for 
decoding a stream of transmitted symbols, including: 

[0031] receiving a signal in Which the symbols are 
encoded by frequency shift keying; 

[0032] sampling and digitiZing the signal to generate 
a sequence of input samples; 

[0033] de?ning a plurality of hypotheses With respect 
to a selected group of the symbols occurring in 
succession in the stream, each such hypothesis 
including a different set of possible values of the 
symbols in the group; 

[0034] ?nding a respective level of correlation 
betWeen each of the plurality of hypotheses and the 
input samples in a portion of the sequence corre 
sponding to the selected group of the symbols; 

[0035] choosing one of the hypotheses responsive to 
the level of correlation thereof; and 

[0036] for at least one of the symbols in the selected 
group, determining a decoded value of the symbol 
responsive to the value of the symbol in the chosen 
hypothesis. 

[0037] Preferably, ?nding the respective level of correla 
tion includes determining reference samples that correspond 
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to frequency shift keying of the symbol values in each of the 
hypotheses, and correlating the samples in the portion of the 
sequence With the reference samples Further preferably, 
determining the reference samples includes providing coef 
?cients such that multiplication of the symbol values in each 
of the hypotheses by the coefficients Will generate the 
reference samples, and correlating the samples includes 
multiplying the samples by the coef?cients. More preferably, 
sampling and digitiZing the signal includes generating com 
plex samples, and multiplying the samples includes rotating 
a phase of each of the complex samples responsive to the 
coef?cients. Most preferably, rotating the phase of each of 
the complex samples further includes rotating the phase so 
as to correct for a frequency offset of the signal relative to 
an expected frequency. 

[0038] In a preferred embodiment, the symbols are trans 
mitted at a given symbol rate, and sampling and digitiZing 
the signal includes generating the input samples at a sample 
rate greater than the symbol rate, and determining the 
reference samples includes determining the reference 
samples at the sample rate. 

[0039] Additionally or alternatively, outputting the 
decoded value of the symbol includes outputting the 
decoded value of a current symbol, and de?ning the plurality 
of hypotheses includes selecting the group of the symbols to 
include at least one symbol preceding the current symbol in 
the succession and at least one symbol folloWing the current 
symbol in the succession. Preferably, the at least one symbol 
preceding the current symbol includes three symbols pre 
ceding the current symbol, and the at least one symbol 
folloWing the current symbol includes three symbols fol 
loWing the current symbol. 

[0040] Further additionally or alternatively, selecting the 
group of the symbols includes selecting the at least one 
symbol preceding the current symbol such that the decoded 
value of the at least one symbol preceding the current 
symbol has already been determined, and de?ning the plu 
rality of hypotheses includes using only the hypotheses that 
include the determined value of the at least one symbol 
preceding the current symbol. Preferably, the method 
includes repeating the step of de?ning the plurality of 
hypotheses With respect to the at least one symbol folloWing 
the current symbol, using only the hypotheses that include 
the determined value of the current symbol, and repeating 
With respect to the at least one symbol folloWing the current 
symbol the steps of ?nding the respective level of correla 
tion, choosing one of the hypotheses, and determining the 
decoded value. 

[0041] Preferably, choosing the one of the hypotheses 
includes computing a correlation betWeen each of the plu 
rality of hypotheses and the input samples, and choosing the 
one of the hypotheses that has a maximal value of the 
correlation compared to the other hypotheses. 

[0042] In a further preferred embodiment, sampling and 
digitiZing the signal includes generating complex samples of 
the signal, and determining the decoded value includes 
determining the decoded values of successive ?rst and 
second ones of the symbols, and the method includes 
comparing a phase difference betWeen a ?rst one of the 
samples, corresponding to the ?rst symbol, and a second one 
of the samples, corresponding to the second symbol, to a 
difference betWeen the ?rst and second symbols so as to ?nd 
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a frequency offset of the signal relative to an expected 
frequency. Preferably, ?nding the level of the correlation 
includes applying a phase rotation to the complex samples 
responsive to the frequency offset. 

[0043] In yet another preferred embodiment, receiving the 
signal includes receiving a packet of data transmitted from 
a transmitter to a receiver, the packet including an error 
correcting code and ending With a ?nal symbol, such that 
there is an increased level of uncertainty in the decoded 
value of the ?nal symbol relative to the other symbols in the 
packet, and the method includes performing an error check 
on the packet at the receiver based on the code in a manner 
that is insensitive to the decode value of the ?nal symbol. 

[0044] There is additionally provided, in accordance With 
a preferred embodiment of the present invention, a method 
for decoding a stream of transmitted symbols, including: 

[0045] receiving a signal including a packet of data 
symbols transmitted from a transmitter to a receiver, 
the packet ending With a ?nal symbol; 

[0046] sampling and digitiZing the signal to generate 
a sequence of input samples; 

[0047] adding to the samples at the receiver one or 
more tail samples corresponding to a tail symbol 
folloWing the ?nal symbol in the packet; and 

[0048] decoding the symbols by processing, for each 
of the symbols, a corresponding portion of the 
sequence of the samples, such that the portion cor 
responding to the ?nal symbol includes at least one 
of the tail samples. 

[0049] Preferably, adding the one or more tail samples 
includes identifying one of the input samples as a ?nal 
sample, derived from the ?nal symbol, and duplicating the 
?nal sample. 

[0050] Additionally or alternatively, When the packet 
includes a header indicating a length of the packet, adding 
the one or more tail samples includes reading the length by 
decoding the header, and identifying the ?nal symbol 
responsive to the length. 

[0051] Preferably, decoding the symbols includes ?nding, 
for each of the symbols, a correlation betWeen the corre 
sponding portion of the sequence of the samples and a 
hypothesis including possible values of a group of the 
symbols. Additionally or alternatively, decoding the sym 
bols includes processing the samples responsive to intersym 
bol interference betWeen the symbols in the received signal. 

[0052] There is further provided, in accordance With a 
preferred embodiment of the present invention, a method for 
decoding a stream of transmitted symbols, including: 

[0053] receiving a signal at a transmission frequency, 
in Which signal the symbols are encoded; 

[0054] sampling and digitiZing the signal to generate 
a sequence of complex input samples; 

[0055] processing the samples so as to determine 
decoded values of successive ?rst and second ones of 
the symbols; 

[0056] computing a phase difference betWeen a ?rst 
one of the samples, corresponding to the ?rst sym 

Mar. 6, 2003 

bol, and a second one of the samples, corresponding 
to the second symbol; and 

[0057] comparing the phase difference to a difference 
betWeen the ?rst and second symbols so as to ?nd a 
frequency offset of the transmission frequency rela 
tive to an expected frequency. 

[0058] Preferably, computing the phase difference 
includes taking a complex cross product betWeen the ?rst 
and second samples. Additionally or alternatively, compar 
ing the phase difference includes determining reference 
samples that correspond to encoding of the ?rst and second 
symbols, and taking a complex cross product betWeen the 
reference samples and the ?rst and second samples. 

[0059] Further additionally or alternatively, Wherein pro 
cessing the samples includes computing a correlation 
betWeen a hypothesis including possible values of a group of 
the symbols, including the ?rst and second symbols, and a 
portion of the sequence of the samples including the ?rst and 
second samples. Preferably, computing the correlation 
includes computing a plurality of correlations With respect to 
different hypotheses, and choosing the one of the hypotheses 
that has a maximal value of the correlation compared to the 
other hypotheses. 

[0060] Preferably, the method includes applying a phase 
rotation, responsive to the frequency offset, to the complex 
samples subsequent to the ?rst and second samples in 
preparation for processing the subsequent samples to deter 
mine the decoded values of the symbols to Which the 
subsequent samples correspond. 
[0061] There is moreover provided, in accordance With a 
preferred embodiment of the present invention, a receiver, 
for receiving a stream of transmitted symbols that includes 
a knoWn synchroniZation Word, the receiver including: 

[0062] input circuitry, coupled to receive a signal in 
Which the symbols, including the synchroniZation 
Word, are encoded by frequency shift keying, and to 
sample and digitiZing the signal to generate a 
sequence of input samples; and 

[0063] a synchroniZation Word detector, coupled to 
receive the sequence of input samples and adapted to 
determine, for each of the input samples, a phase 
difference relative to a preceding input sample in the 
sequence, thereby generating a sequence of differ 
ential samples corresponding respectively to the 
input samples, and to detect the synchroniZation 
Word by matching the differential samples to the 
synchroniZation Word. 

[0064] Preferably, the synchroniZation Word detector 
includes at least one multiplier, Which is adapted to compute 
a complex cross product betWeen each of the input samples 
and the preceding input sample. 

[0065] Additionally or alternatively, the synchroniZation 
Word detector is adapted to determine reference samples that 
correspond to frequency shift keying of the synchroniZation 
Word, and includes a correlator, Which is coupled to correlate 
the sequence of differential samples With the reference 
samples. Preferably, the correlator is adapted to compute a 
sequence of correlation values by correlating different, 
respective portions of the sequence of input samples With the 
synchroniZation Word, and the synchroniZation Word detec 
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tor includes a peak detector, coupled to ?nd a peak value 
among the correlation values of the different portions, thus 
indicating the portion of the sequence of input samples that 
best matches the synchronization Word. 

[0066] In a preferred embodiment, the input circuitry is 
adapted to generate complex samples, and the correlator is 
adapted to compute complex correlation values, and the 
receiver includes an automatic frequency control circuit, 
Which is adapted to ?nd a phase angle of the peak correlation 
value, and a rotator, Which is coupled to the automatic 
frequency control circuit so as to correct a phase of the input 
samples of the signal subsequent to the synchroniZation 
Word responsive to the phase angle. 

[0067] Preferably, the synchroniZation Word detector is 
adapted to ?nd a time offset of the input samples relative to 
the synchroniZation Word, and the receiver includes a 
demodulator, Which is coupled to receive the time offset 
from the synchroniZation Word detector and to decode the 
input samples of the signal subsequent to the synchroniZa 
tion Word responsive to the time offset. 

[0068] There is furthermore provided, in accordance With 
a preferred embodiment of the present invention, a receiver 
for decoding a stream of transmitted symbols, including: 

[0069] input circuitry, coupled to receive a signal in 
Which the symbols are encoded by frequency shift 
keying, and to sample and digitiZe the signal to 
generate a sequence of input samples; and 

[0070] a demodulator, adapted to process a plurality 
of hypotheses With respect to a selected group of the 
symbols occurring in succession in the stream, each 
such hypothesis including a different set of possible 
values of the symbols in the group, the demodulator 
including: 

[0071] a correlator, adapted to ?nd a respective 
level of correlation betWeen each of the plurality 
of hypotheses and the input samples in a portion of 
the sequence corresponding to the selected group 
of the symbols; and 

[0072] a selector, adapted to choose one of the 
hypotheses responsive to the level of correlation 
thereof, so as to determine, for at least one of the 
symbols in the selected group, a decoded value of 
the symbol responsive to the value of the symbol 
in the chosen hypothesis. 

[0073] Preferably, the demodulator is operative to deter 
mine reference samples that correspond to frequency shift 
keying of the symbol values in each of the hypotheses, and 
the correlator is coupled to correlate the samples in the 
portion of the sequence With the reference samples. Further 
preferably, the demodulator is adapted to determine the 
reference samples by providing coefficients such that mul 
tiplication of the symbol values in each of the hypotheses by 
the coef?cients Will generate the reference samples, and the 
correlator includes at least one multiplier, Which is coupled 
to multiply the samples by the coefficients. Most preferably, 
the input circuitry is adapted to generate complex samples, 
and the at least one multiplier includes a complex multiplier, 
Which is coupled to rotate a phase of each of the complex 
samples responsive to the coefficients. 
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[0074] Preferably, the input circuitry is adapted to gener 
ate complex samples of the signal, and the demodulator is 
operative to determine the decoded values of successive ?rst 
and second ones of the symbols, and the receiver includes an 
automatic frequency control circuit, Which is coupled to 
compare a phase difference betWeen a ?rst one of the 
samples, corresponding to the ?rst symbol, and a second one 
of the samples, corresponding to the second symbol, to a 
difference betWeen the ?rst and second symbols so as to ?nd 
a frequency offset of the signal relative to an expected 
frequency. Most preferably, the receiver includes at least one 
rotator, Which is coupled to apply a phase rotation to the 
complex samples responsive to the frequency offset. 

[0075] In a preferred embodiment, the signal includes a 
packet of data transmitted from a transmitter to a receiver, 
the packet including an error correcting code and ending 
With a ?nal symbol, such that there is an increased level of 
uncertainty in the decoded value of the ?nal symbol relative 
to the other symbols in the packet, and including a processor, 
adapted to perform an error check on the packet at the 
receiver based on the code in a manner that is insensitive to 
the decode value of the ?nal symbol. 

[0076] There is also provided, in accordance With a pre 
ferred embodiment of the present invention, a receiver for 
decoding a stream of transmitted symbols, including: 

[0077] input circuitry, coupled to receive a signal 
including a packet of data symbols transmitted from 
a transmitter to a receiver, the packet ending With a 
?nal symbol, and to sample and digitiZe the signal to 
generate a sequence of input samples; and 

[0078] demodulation circuitry, Which is adapted to 
add to the samples one or more tail samples corre 
sponding to a tail symbol folloWing the ?nal symbol 
in the packet, and to decode the symbols by process 
ing, for each of the symbols, a corresponding portion 
of the sequence of the samples, such that the portion 
corresponding to the ?nal symbol includes at least 
one of the tail samples. 

[0079] In a preferred embodiment, the packet includes a 
header indicating a length of the packet, and the receiver 
includes a processor, Which is adapted to read the length by 
decoding the header, so as to identify the ?nal symbol 
responsive to the length. 

[0080] There is additionally provided, in accordance With 
a preferred embodiment of the present invention, a receiver 
for decoding a stream of transmitted symbols, including: 

[0081] input circuitry, coupled to receive a signal at 
a transmission frequency, in Which signal the sym 
bols are encoded, and to sample and digitiZe the 
signal to generate a sequence of complex input 
samples; 

[0082] a demodulator, Which is coupled to process 
the samples so as to determine decoded values of 
successive ?rst and second ones of the symbols; and 

[0083] an automatic frequency control circuit, Which 
is adapted to compute a phase difference betWeen a 
?rst one of the samples, corresponding to the ?rst 
symbol, and a second one of the samples, corre 
sponding to the second symbol, and to compare the 
phase difference to a difference betWeen the ?rst and 
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second symbols so as to ?nd a frequency offset of the 
transmission frequency relative to an expected fre 
quency. 

[0084] Preferably, the automatic frequency control circuit 
includes a complex multiplier, Which is coupled to take a 
complex cross product betWeen the ?rst and second samples 
so as to determine the phase difference therebetWeen. Addi 
tionally or alternatively, the circuit includes a complex 
multiplier, Which is coupled to take a complex cross product 
betWeen the reference samples and the ?rst and second 
samples so as to ?nd the frequency offset. 

[0085] Preferably, the receiver includes a rotator, Which is 
coupled to apply a phase rotation, responsive to the fre 
quency offset, to the complex samples subsequent to the ?rst 
and second samples in preparation for processing the sub 
sequent samples to determine the decoded values of the 
symbols to Which the subsequent samples correspond. 

[0086] The present invention Will be more fully under 
stood from the folloWing detailed description of the pre 
ferred embodiments thereof, taken together With the draW 
ings in Which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0087] FIG. 1 is a block diagram that schematically illus 
trates a digital receiver, in accordance With a preferred 
embodiment of the present invention; 

[0088] FIG. 2 is a block diagram that schematically illus 
trates an automatic gain control circuit, in accordance With 
a preferred embodiment of the present invention; 

[0089] FIG. 3 is a block diagram that schematically illus 
trates a gain change evaluation circuit used in the automatic 
gain control circuit of FIG. 2, in accordance With a preferred 
embodiment of the present invention; 

[0090] FIG. 4 is a block diagram that schematically illus 
trates a gain and command evaluation circuit used in the 
automatic gain control circuit of FIG. 2, in accordance With 
a preferred embodiment of the present invention; 

[0091] FIG. 5 is a block diagram that schematically illus 
trates a synchroniZation Word detector, as is knoWn in the 
art; 

[0092] FIG. 6 is a block diagram that schematically illus 
trates a synchroniZation Word detector and automatic fre 
quency control circuit, in accordance With a preferred 
embodiment of the present invention; 

[0093] FIG. 7 is a block diagram shoWing details of the 
synchroniZation Word detector of FIG. 6, in accordance With 
a preferred embodiment of the present invention; 

[0094] FIG. 8 is a block diagram that schematically illus 
trates a correlator circuit used in the synchroniZation Word 
detector of FIG. 6, in accordance With a preferred embodi 
ment of the present invention; 

[0095] FIG. 9 is a block diagram that schematically illus 
trates a sample rotator and demodulator circuit, in accor 
dance With a preferred embodiment of the present invention; 

[0096] FIG. 10 is a block diagram that schematically 
illustrates an automatic frequency control circuit, in accor 
dance With a preferred embodiment of the present invention; 

Mar. 6, 2003 

[0097] FIG. 11A is a block diagram that schematically 
illustrates a frequency error detector used in the circuit of 
FIG. 10, in accordance With a preferred embodiment of the 
present invention; and 

[0098] FIG. 11B is a block diagram that schematically 
illustrates a loop ?lter used in the circuit of FIG. 10, in 
accordance With a preferred embodiment of the present 
invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

System OvervieW 

[0099] FIG. 1 is a block diagram that schematically illus 
trates a receiver 20, for use in a digital communications 
system, in accordance With a preferred embodiment of the 
present invention. As described in detail hereinbeloW, 
receiver 20 is designed to process and decode FSK signals, 
particularly GFSK signals, as are used in the Bluetooth 
system. It receives signals over the air in the 2.4 GHZ band 
and demodulates the signals to output a bitstream of ones 
and Zeroes. The bitstream is passed to a media access control 
(MAC) processor (not shoWn in this ?gure), as speci?ed by 
the Bluetooth standard. Although elements of receiver 20 are 
described herein With speci?c reference to Bluetooth, it Will 
be appreciated that many of these elements are also appli 
cable to data receivers of other types. 

[0100] Radio frequency (RF) signals received by receiver 
20 are ampli?ed by a loW-noise ampli?er (LNA) 21 and are 
then doWn-converted by a mixer 22 to generate I and Q 
intermediate frequency (IF) signals, preferably at a carrier 
frequency of 500 kHZ. The I and Q signals are ampli?ed by 
respective variable-gain ampli?ers (VGAs) 23 and are loW 
pass ?ltered by ?lters 24 to remove interference. Filters 24 
are important particularly for removing interfering signals 
from other frequencies in the 2.4 GHZ band, neighboring on 
the carrier frequency to Which receiver 20 is currently tuned. 
The Bluetooth standard requires receivers to function even 
in the presence of strong interference from channels 1-3 
MHZ aWay from the current receive frequency. 

[0101] The I and Q signals are multiplexed by a multi 
plexer 25 through a single sample/hold circuit 26. The 
samples are digitiZed by an analog/digital converter 27 and 
are then separated by a demultiplexer 28 to generate parallel 
streams of I and Q data, preferably comprising 9-bit samples 
at 22 MHZ. All further processing is performed digitally, 
unlike Bluetooth receivers knoWn in the art. 

[0102] The digital I and Q samples contain a residual DC 
offset. They are preferably converted to baseband samples 
by respective DC removal circuits 30, Which function sim 
ply by ?nding and subtracting the average levels from the 
sample streams. FolloWing DC removal, the I and Q samples 
are still offset in time from their correct baseband values due 
to the residual IF (500 kHZ) carrier, and are also mutually 
offset by 90°. A fast rotator 33 rotates the phases of the I and 
Q samples to remove the baseband offset. 

[0103] An automatic gain control (AGC) circuit 32 esti 
mates the level of the input signals based on the digitiZed, 
rotated samples, and uses the estimate to set the gain of LNA 
21 and VGAs 23. The operation of AGC circuit 32 is 
described in detail hereinbeloW. 
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[0104] Following DC removal and rotation, interpolation 
and decimation blocks 34 interpolate the samples in order to 
realign them in time. These blocks also perform digital 
loW-pass ?ltering to remove out-of-band noise and interfer 
ence that Was not suppressed by analog loW-pass ?lters 24. 
The output sample rate of blocks 34 is decimated doWn to 4 
Ms/s. 

[0105] Each Bluetooth packet begins With a special header 
knoWn as an access code, Which is either 68 or 72 bits long 
and includes a 64-bit sync Word. The sync Word is knoWn to 
the MAC processor, in accordance With protocols speci?ed 
by the Bluetooth standard. Other methods of digital com 
munications use similar codes for receiver synchroniZation. 
Digital samples output by blocks 34 are input to a sync Word 
detector (SWD) 36, Which correlates the samples With the 
knoWn sync Word in order to detect the start of a Bluetooth 
packet. Preferably, SWD 36 operates only on an initial 
portion of the sync Word, most preferably on the ?rst 33 bits. 
When the SWD detects the start of a packet, the result is 
preferably con?rmed by comparing a decision output of 
receiver 20 to at least some of the remaining bits in the 
knoWn sync Word, most preferably the last 19 bits. If the 
number of discrepancies betWeen the decision output and the 
remaining sync Word bits is less than a predetermined 
threshold, Which is typically set to tWo, receiver 20 deter 
mines that it has received and synchroniZed itself to a 
packet. At this point, the output of AGC circuit 32 is froZen, 
and the subsequent demodulated symbols in the packet are 
passed to the MAC for further processing. 

[0106] SWD 36 also passes the correlation results to an 
initial frequency detector 38, Which uses these results to 
make initial estimates of the time and frequency offsets to be 
used by receiver 20 in demodulating the samples. These 
estimates are used to initialiZe an automatic frequency 
control (AFC) circuit 40 for each neW packet. 

[0107] The samples output by blocks 34 are also input to 
a buffer and rotator circuit 42, Which rotates the phase of the 
sample streams based on instructions from AFC circuit 40. 
The rotated samples are passed to a demodulator 44, Which 
uses a correlator engine to perform partially-coherent sym 
bol detection. This approach, Which is described in detail 
hereinbeloW, uses the intersymbol interference that is inher 
ent in the GFSK scheme to improve the performance of the 
demodulator. Abank of correlators is used to decide on the 
likeliest estimate for the current symbol, Which is then 
output to the MAC processor. The I and Q values belonging 
to the “Winning” correlator are input to AFC circuit 40, in 
order to update the frequency estimate. This updated value 
is in turn used to adjust the phase input to the rotators in 
circuit 42. 

[0108] In operation, receiver 20 can be in any one of four 
possible states: 

[0109] Idle-Receiver 20 is typically associated With a 
transmitter (not shoWn) in a single chip or unit. 
While the transmitter is transmitting data, the asso 
ciated receiver at the transmitting end of the link is 
shut doWn. 

[0110] Acquiring-In this mode, the receiver is Wait 
ing for data, and demodulator 44, along With other 
elements of the receiver that are not needed for sync 
Word acquisition, is shut doWn until the beginning of 
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a data packet is detected. Sync Word detector 36 tries 
to match the incoming samples to the sync Word and 
estimates values of channel attenuation, timing and 
frequency offset. 

[0111] Con?rming-Once sync Word detector 36 has 
found a match that is better than a given threshold 
betWeen the sample stream and the sync Word, the 
receiver processes and demodulates the remainder of 
the sync Word. In this phase, the entire receiver is 
active. The AGC and AFC circuits may continue to 
track and adjust for any varying channel parameters. 

[0112] Demodulating-When it is con?rmed that a 
packet has been detected, demodulator 44 continues 
processing the remaining data in the packet and 
passes the decoded symbols to the MAC layer. 
Preferably, AGC circuit 32 is froZen. At the end of 
the packet, the receiver returns to idle mode. 

Automatic Gain Control 

[0113] FIG. 2 is a block diagram shoWing details of AGC 
circuit 32, in accordance With a preferred embodiment of the 
present invention. This circuit is designed to determine the 
level of the current signal Within a short time after beginning 
to receive a packet at receiver 20, most preferably Within the 
time it takes to receive ten symbols (i.e., 10 us at the 
Bluetooth rate of 1 Ms/s). It then controls LNA 21 and 
VGAs 23 so as to bring the average signal level in the 
frequency channel of interest into a predetermined ampli 
tude WindoW, preferably Within 3 dB of a given reference 
level. The AGC circuit must also be resistant to interference 
from neighboring channels, so that a substantially constant 
amplitude level is maintained in the current frequency 
channel, regardless of the interference level. 

[0114] As seen in FIG. 2, a gain change evaluation block 
50 receives I and Q samples of the input signal and, on the 
basis of these samples, outputs a limited gain change value. 
An adder 52 sums this value With the previous value of the 
gain, provided by a feedback circuit 58, to give the total gain 
that is to be applied. A gain and command evaluation block 
54 determines the commands that are to be sent to the LNA 
and VGAs in order to obtain the desired gain levels. An 
adder 56 sums the LNA and VGA gains to provide the total 
gain to feedback circuit 58. 

[0115] The total gain is also used to drive gain control 
logic 60, Which generates the receive signal strength indi 
cator (R551) and energy detect (ED) indicator, as required 
by the Bluetooth speci?cation. The RSSI is preferably given 
(in dBm) by the difference betWeen the reference point 
poWer of A/D converter 27 and the total gain, and is used to 
control the output poWer level of the transmitter (not 
shoWn). The ED indicator is set high as long as the total gain 
is beloW a preset threshold, indicating that a Bluetooth signal 
is present at the receiver. 

[0116] FIG. 3 is a block diagram shoWing details of gain 
change evaluation block 50, in accordance With a preferred 
embodiment of the present invention. Input I and Q samples 
received from rotator 33 are ?ltered by loW-pass ?lters 68, 
Which preferably operate at a sample frequency of 22 MHZ 
and have a controllable cutoff frequency, Which is typically 
set in the range 0.5-1 MHZ. A signal level estimator 70 
computes the energy value I2+Q2 based on the loW-pass 
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?ltered samples. Filtering the samples before signal level 
estimation reduces the likelihood that the AGC circuit Will 
lock onto transient interference, rather than the signal itself. 
An accumulator 72 generates an average energy value by 
summing the sample energies over a predetermined integra 
tion period, Which may be adjusted by setting an appropriate 
register value. The average energy value is truncated and 
limited, by a limiter 74, preferably to an eight-bit value. 

[0117] The limited energy from limiter 74 is used as an 
index to a look-up table (LUT) 76, Which reads out an 
appropriate gain value. The gain is preferably logarithmic in 
the input energy values. A subtractor 84 takes a difference 
betWeen the gain value and a programmable steady-state 
gain value, Which is stored in a setpoint register and is read 
out through a multiplexer 82. When the energy reaches its 
upper limit (255), hoWever, as determined by a comparator 
78, and a setpoint ?ag is set at an input to an AND gate 80, 
multiplexer 82 is driven to output a Zero to adder 84. This 
situation immediately causes the gain of the analog ampli 
?ers to drop doWn by a large jump, typically 12 dB, in order 
to prevent saturation of the receiver input. 

[0118] An absolute value block 86 calculates the absolute 
value of the gain change that is output by adder 84. A 
comparator 88 compares the absolute gain change to a 
programmable gain step threshold. If the change is over the 
threshold, a multiplexer 90 outputs the limited gain change 
that has been determined by block 50. OtherWise, no gain 
change is invoked. 

[0119] FIG. 4 is a block diagram shoWing details of gain 
and command evaluation block 54, in accordance With a 
preferred embodiment of the present invention. As noted 
above, this block receives the total gain value that is 
generated by adder 52. The total gain is limited, preferably 
to an eight-bit value, by a limiter 100 and is then passed to 
a hysteresis circuit 102, Which generates a gain command to 
LNA 21. Typically, the LNA has a ?xed gain of about 7 dB. 
If the LNA gain is turned on, the hysteresis circuit keeps it 
on until the total gain drops beloW 7 dB (or Whatever other 
?xed gain level the LNA is set for). When the LNA is turned 
off, the hysteresis circuit keeps it off until the total gain 
reaches the upper limit of the gain of VGAs 23, typically 
about 45 dB. Thus, the LNA gain command is typically a 
simple on/off command issued by circuit 102. 

[0120] To determine the gain to be applied by VGAs 23, 
an adder 106 subtracts the current LNA gain from the limited 
total gain that is output by limiter 100. The current LNA gain 
(When the LNA gain is turned on) is read from a LNA gain 
register through a multiplexer 104. The VGA gain is divided 
by a preset gain step, using a multiplier 108 folloWed by 
truncation, and is then rounded, preferably to a four-bit 
value, by a rounder 110. This four-bit value is the gain 
command, Which is provided to the VGAs in order to set the 
VGA gain level. Multiplying the gain command by the gain 
step, using a multiplier 112, gives the actual VGA gain. 

Sync Word Detection 

[0121] FIG. 5 is a block diagram that schematically illus 
trates a sync Word detector (SWD) 120, as is used in digital 
receivers knoWn in the art. SWD 120 receives a sequence of 
digital samples Xt=(xt_N+1, . . . , x) from a ?lter 122, such 
as the digital ?lter that is used to implement interpolation 
and decimation block 34 (FIG. 1). The SWD also receives 
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the expected access code of the incoming data packet from 
a MAC processor 124. A GFSK modulator 126 takes a 

selected subset of the bits in the access code, 
AC‘=(bk, . . . , bn), and modulates the bits to create a 

sequence of expected “ideal” samples, or reference samples, 
SW=GESK(AC‘)=(s1, . . . sN). A correlator 126 correlates 

these ideal samples With the actual samples coming from the 
?lter to generate a correlation function: 

N (1) 

Pm = SW-Xr = 25mm. 
k:l 

[0122] A peak detector 130 ?nds the maximum of the 
correlation function, Which indicates the “correct” match 
betWeen the actual signal and the access code. SWD 120 
passes the match to a demodulator 132, Which uses the 
timing determined by the SWD to decode the samples. 

[0123] Unfortunately, this method does not Work Well if 
there is an initial frequency offset betWeen the input signal 
and the “ideal” signal generated by GFSK modulator 126. If 
the sampling frequency is F5, and the frequency offset is f, 
then the received signal (ignoring the effects of noise) is 
x"=xn~ej(kf*n) Wherein 

[0124] The Bluetooth standard alloWs the transmitted ini 
tial center frequency to deviate by :75 kHZ. The difference 
betWeen the phase of the ideal signal and the signal With 
frequency drift of 75 kHZ is therefore almost 180° after 6 
bits. Under these conditions, a matched ?ltering approach as 
embodied in SWD 120 Will not Work. 

[0125] FIG. 6 is a block diagram that schematically illus 
trates SWD 36, as used in receiver 20 (FIG. 1), in accor 
dance With a preferred embodiment of the present invention. 
To overcome the problem of frequency offset, SWD 36 
comprises a differential block 142, Which computes the 
frequency difference of each sample With respect to a 
preceding sample, A clocks earlier. In practice, the frequency 
difference is preferably found by taking a complex cross 
product of the samples, i.e., multiplying each sample by the 
complex conjugate of the corresponding earlier sample, to 
generate a differential sample yk:=xk~xk_A*. In the present 
embodiment, With a sample rate four times the symbol rate, 
We set A=4. 

[0126] By the same token, a GFSK modulator and differ 
ential block 140 generates differential reference samples 
ck:=sk~sk_A*, Wherein the sk are the original “ideal” samples 
(Without noise or frequency offset) based on the sync Word. 
Even if the signal frequency is noW assumed to have an 
offset f relative to the ideal frequency, the resultant drift is 
canceled by the difference (cross product) operations. For 




















