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FRACTIONAL NFREQUENCY SYN'I'HSIS WITH RESIDUAL ERROR 
5 CORRECTION AND METHOD THEREOF 

Field of the Invention 

1 0 Oenerally, this invention relates to frequency ~thesis and more 

15 

specitica1ly this in~tion relates to frequency syntheSis using fractional 

division techniques~ 

Background of the Invention 

Generally, radio frequency (RF) communication systems include at least 
two communication units. Each communication unit includes a transceiver for 
sending and receiving RF signals over one of a plurality of RF channels. Each 
transceiver includes a frequency synthesizer for generating RF signals. 

2 0 In frequency synthesis it is desitable to achieve. the selected frequency 
output in as little time as possible with any spurious outputs minimized. The 
spurious outputs in question are usually associated with a phase detector and 
occur at the frequency of operation of the phase detector which is equal to the 
channel spacing in a non-fractional phase locked loop. Thus the phase locked 

2 5 loop bandwidth must be small relative to the channel spacing to minimize the 

spurious outputs. Reducing the loop bandwidth will increase the time required 
to achieve the selected frequency. 
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_ Fractional N diyision can overcome this problem by allowing the phase 
detector to operate at a much higher frequency for the same channel spacing. 
This all,.ows the phase locked loop bandwidth to be much larger and thus the 
required lock time is much less. Two examples of fractional division systems 

5 can be seen in U.S. Patent 5,093,632 entitled ''Latched Accumulator Fractional 
N Synthesis with Residual Error Correction" authored by Hietala et al and 
U.S. Patent 5,166,642 entitled ''Multiple Accumulator Fractional N Synthesis 
with Series Recombination" and authored by Hietala. In a limiting case the 
fractional division scheme can use a very large fractionali?J1tion such that the 

1 0 residual spurs will appear as increased sideband noise instead of discrete spurs. 
Any fractional division system is not perfect in that there will be residual 

spurs at the frequency step spacing or excessively increased sideband noise for 
the limiting case mentioned above. This will occur since the fractional system 
creates a somewhat randomi7.ed sequence to move the main loop divider such 

1 5 that the aVerage frequency is conect Therefore the ftactional sequence contains 
the desired frequency offset infonnation with an additional residual noise term. 

Increasing the number of accumulators and the rate at which the 
accumulators operate can reduce the amplitude of the residual noise waveform 
and break up the spurious output at a given offset frequency. Eventually a 

2 0 point will be reached at which the number of accumulators and the rate of their 
operation cannot be further increased due to speed limitations or limitations of 
the divider. Thus every system will reach a limit of spurious performance even 
with a fractional division scheme. 

In some systems this spurious limit will not be acceptable. These residual 
2 5 spurs can be further reduced by using a D/ A converter to convert some 

combination of the internal contents of the accumulaton.into analog form and 
then apply this analog signal to the loop filter through a coupling capacitor. 
Such a system is shown for a simple one accumulator case in FIG. 1. 
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- Such a residual error correction system is not well suited for integrated 
circuit design since the selection of the capacitor will be critical and, even if an 
accuran; capacitor value could be had, the resulting circuit would not maintain 
the required balance between the divider control port and the residual error 

5 correction port over tempemture, make tolerance, and aging. 
Therefore it would be advantageous to devise a residual error cmrection 

method for a fractional N synthesis which can be reali:red in integrated circuit 
form and is tolerant to variations in temperatme, make tolerance, and aging. 
Additionally, it would be advantageous for the residual error cmrection method 

1 0 to improve spurious performance for the number of accumulators and the rate at 
which they operate. 

Description of the Drawings 

1 5 FIG. 1 is an illustration in block diagram form of a fractional N 
frequency synthesis employing a prior art residual error correction. 

FIG. 2 is an illustration in block diagram form of a radiotelephone which 
may employ the present invention. 

· FIG. 3 is a more detailed illustration in block diagram fonn of a 
2 0 radiotelephone in accordance with the ptesent invention. 

· . FIG. 4 is an· illustration in block diagram fotm of a frequency synthesizer 
in accordance with the present invention. 

FIG •. 5 is a detailed illustration in block diagram form of a frequency 
synthesizer in accordance with the present invention. 

2 5 FIG. 6 is a detailed illustration in block diagram form of a charge pump, 
also commonly referred to as a modulator in accordance with the present 
invention. 
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~ption of a Preferred Embodiment 

Ttie preferred embodiment of the present invention is employed in a 
frequency synthesizer in which a variable oscillator output is fed to a digital 

5 divider. 1be digital divider has a digital division ratio. 1be output of the digital 
divider feeds one input of a Phase comparison network. 'lbe other input of the 
phase comparison network is fed from a reference oscillator. 'lbe phase 
comparison network output is filtered to remove extraneous noise components 
and is then fed to a control input of the variable oscillator. 'lbe control input is · 

1 0 such that the variable oscillator output frequency will adjust itself until it is 
equal to the reference oscillator ftequency times the digital division ratio. 

The division ratio of the digital divider is varied with time by a multi 
accumulator fractional N division system such that the effective division ratio 
may be varied by non-integer steps. 'lbe division ratio is then programmed to 

1 5 reali7.e the desired channel frequency, the ~ired modulation wavefonn, and 
any automatic frequency correction offset. 

Due to the time varying division sequence applied to the digital divider 
there will be a residual spurious le\rel on the output signal of the synthesizer. 
1bis residual spurious level is further reduced by generating a second digital 

2 0 sequence based on the internal sta~ of the multiple accumulator fractional N 
division sys~ and applying this second sequence directly to a charge pump 
circuit, or modulator of the phase detector. 

·In integrated circuit technology ·the ratio of two components may be 
determined with high accuracy. However the absolute value of a single 

2 5 component will vary widely between individual lots of the IC. Thus a system 
such as the prior art of Figure l will not lend itself to integration since the 
absolute value of the coupling capacitor must be fixed. The frequency 
s}'nthesi7.er disclosed herein is conducive to integration because the gain of the 
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remdual correction term as compared to the gain of the phase detector is defined 
by a ratio of resistor values (180, 181ofFIG.6). If the basic current of the 
charge pump were to increase (and thus the gain of the phase detector increases) 
due to fabrication variances, then the current of the residual correction would 

5 increase by a proportional amolDlt and thus would still provide the conect 
correction level at the new charge pump current level. 

FIG. 2 is an illustration in block diagram form of a radiotelephone 101. 
In the prefeired embodiment. the radiotelephone 101 is a radiotelephone 
developed to operate in a cellular phone system such as the Global System for 

1 O Mobile Communications (GSM) cellular radio telephooe system. such as the 
model #SI.Fl 770B/PD of a GSM radiotelephone available from Motorola. Inc •. 
.. FIG. 3 is a more detailed illustration in block diagram form of the 
radiotelephone 101. The radiotelephone 101 includes a transmitter 102, a 
receiver 103, ~ control system 104, a user interface 105, and a synthesizer 107. 

1 5 The synthesizer 107 provides the receiver 103 and the transmitter 102 with 
signals, tuned to a desired frequency, to allow the reception and transmission of 
data from user interface 105 to a remote transceiver of the radiotelephone 
communication system. Additionally, the synthesizer 107 provides the user 
intelface 105 and the control logic 104 with the necessary clock signal for 

.. 2 0 proper operation of the logic cireuits contained within these blocks. 
FIG. 4 is an illustration in block diagram form of the frequency 

synthesi7.er 107 illustrated in FIG. 3. The synthesizer output 115 is coupled to 
an input of a programmable divider 108, the programmable divider is in tum 
coupled to one input of a phase detector 1 OCJ. A second input of phase detector 

2 5. lOCJ is obtained from a reference oscillator 116. An output of the phase detector 
1 ()C) is proportional to the phase error between the two input signals. The 
output of the phase detector 1 ()C) is input to a charge pump 110. The charge 
pump 110 provides current pulses used to charge or discharge a loop filter 113. 
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The loop filter 113 generates an output voltage which is used as ·a co~trol input 
for a voltage controlled oscillator 114. Finally the output of voltage controlled 
oscillatpr 114 is used as the synthemer output 115, thus completing the phase 
locked loop. 

5 A programming input of the programmable divider 108 is driven by a 
digital sequence of width N3 bits generated by a fractional division control 
system 112. The digital seq1ience provides non-integer value division ratio to 

tbe programmable divider 108, thus, reducing the minimum step size of the · 

synthesizer output 115. 

1 0 Additionally, a residual conection· sequence generator 111 operates on Nl 

internal bits of the fractional division control system 112 to create a digital 
sequence which represents the noise terms in the digital sequence. The N2 bits 
output from residual correction sequence generator 111 are then applied directly 
to the charge pump 110. The N2 bits. cause the current versus time to be 

1 5 modulated so as to cancel the residual noise tenns generated by fractional 
division control system 112. 

The terms Nl, N2, and N3 are a method of notation used to represent 
three digital sequences containing three different bit widths. In the preferred 
embodiment, Nl-4 bits wide, N2·8 bits wide, and N3-8 bits wide. The 

2 0 specific numbers do not represent any significant portion of the claimed 
invention and may vmy <iq>ending upon the implementation of the invention in 
a particular system. 

FIG. 5 is a detailed illustration in block diagram fonn of a specific 
implementation of the frequency synthesizer 107. ·In the preferred embodiment, 

2 5 the multiple accumulator system utiliml in the freq~cy synthesi7.er is 
described in U.S. Patent 5,166,642. However, any other equally.sufficient 
multiple accumulator system may be substituted therefor, resulting in a similar 
inathematical result 
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- Data 120, which corresponds to frequency offset, is fed mto the first 

accumulator 121. Each accumulator beyond the first is fed with the contents of 

the nexl lower order accumulator .. Jn this manner each accumulator is 

performing a digital integration of the contents of the accumulator of next lower 

S order with the first accumulator 121 performing a digital integration of the input 

data 120. Thus, the second accumulator 122 performs a double integral of the 

input data 120, the third accumulator 123 perfonns a triple integral of the input 

data 120, and the fourth accumulator 124 performs a quadruple integral of the 

input data 120. 

1 0 The output of each accumulator is the cmy or overflow output. These 

outputs represent ~ frequency offset data 120 and integrals of the data. A 

digital derivative network consisting of delay element 125 and adder 126 is 

connected to the cmy output of the fourth accumulator 124. The output of this 

derivative network is cascaded through two more digital derivative networks 

1 S com.posed of delay elements ~30 and 137 and adders 131 and 138. The net 

effect is that the output of the fourth accumulator 124 after passing through 

three digital derivatives is now a higher order correction to the frequency offset 

and may be added to the output of the fll'St accumulator 121 in adder 138. 

The carry outputs of the second accumulator 122 and the third 

2 0 accumulator 123 are added into the digital derivative cascade at the proper point 

such that these carry output also provide higher ordet corrections to the 

frequency offset. Various additional delay elements are added to this structure 

to insure that the cmy output sequences are properly aligned and that the adders 

used in the digital derivative network are isolated from each other so that the 

2 5 · adder delays do not add and slow the maximum frequency of operation. All the 

digital derivative networks and associated delay elements are collectively 
referred to as a digital derivative system 200. 
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_ The output of~ digital derivative system 200 is added to the 

programmable divider fre9uency data in adder 146. The resulting N3 bit data 

sequen~ is applied to the programmable divider 148. The data sequence 

represents the desired fieq~eney offset and a residual noise term. 

S Jn a general Nth order system as described above, the data sequence output 

from the fractional division control syste~ can be derived in the lineari7.ed Z 

transform model as: 
DO• z-2No1 + z-N(l - z-1)NQN 

Where DJ.is the input frequency offset data 120 

1 0 and QN is the residual noise term. 

The intemal contents of any accumulator may be derived as: 
Dl(X) • z-XDI-z-xQl -z-<x-l>Q2 - z-Cx-2>Q3 - ••. -z-lQX 

where Xis the order of the accumulator. 
If the contents of this accumulator are subtracted from the contents of the 

l S next lowest order accumulator then the following term is obtained: 
DI(X) - z-lDJ(X -1)- -z-lQX 

Therefore, the residual error tenn can be recreated in a digital form by 

subtracting the delayed contents of the second highest order accumulator from 
· the contents of the highest order accumulator and differentiating the result N-1 

20 times. 

In Figure 5 the 4 most significant bits of the second highest order 

accumulator 123 are delayed once by delay element 155. and then subtracted 
from the 4 most significant bits of the highest order aecumulator 124 at adder 

156. This results in a term equal to -z~1Q4 at the output of adder 156. Delay 

2 5 ·elements 157, 158 and adder 159 form a digital derivative network. The output 
of adder 159 will be -z-2(1 -z-

1
) Q4. Delay elements 160, 161 and adder 162 

form a second digital derivati\fe network. The output of adder 162 will be 
-3(1 -1)2 Q4 ' -z -z • Delay elements 163, 164 and .adder 165 form a third digital 
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~vative network. 'lbe output of adder 165 will be -z""c1-z·
1{Q4. Finally 

this output of adder 165 is passed through digital delay element 167 to result in 

-z-
5
(1-z""

1
)
3 

Q4. This term will then be applied to the charge pump 153 with an 

effective gain of Ke,residual· · 

Now returning to the sequence applied to the divider 148. Since the 
phase detector 152 compares phase and not frequency. the signal output from 

divider 148 will be effectively integrated upon passing through the phase 

detector 152. Thus the phase term at the phase detector output can be 

represented in the Z transform domain as: 
z-loI IC+ 4 -1 3~ 

+01-~-N +z \1-z) ~N 
1-z L L 

where: Kftj is the phase detector conversion gain. 

and: NL is the avemge division (N*P+A+Num/Dem) 

To this one more delay must be added to account for the delay from 

programming the divider 148 until the output of the divider 148 is sent to the 
1 5 phase detector 152 • 

..,. . z-9ol K. -s(l -1)3~Q4 T: ---+z -z -
ol I -z-1 NL NL 

The residual noise correction term from delay element 167 can be 

represented in the Z transform domain as: 
+o2 -{z-s(l -z-1)3'Kt,,, mmw}Q4 

2 0 If the value of Ke.residual is chosen to be equal to the phase detector gain 

divided by the average loop division then a perfect cancellation of any residual 
noise terms may be achieved. 

FIG. 6 is a detailed illustration in block diagram form of the charge pump 
153 in accordance with the preferred embodiment of the present invention. 

2 5 Other equally sufficient charge pumps may be substituted by one of average 
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skill in the art. This type of charge pump would be used with a dual state phase 
detector. (Other similar circuits can be defined for tri-state phase detectors.) 
Current source 169 is continuously turned on. Current sink 170 is turned on 
50% of the time when the phase locked loop is locked and has a current equal to 

S twice that of current source 169. 1bis results in a square wave of current at 
output 168 with a net charge ·transfer of~ to the loop idter when the loop is 
loCked. 

To this basic structure an ''R - 2R ladder" type of circuit is added to the 
control path of current sink 170. 1bis structure creates a cunent in each ''rung 

1 0 of the ladder" which is one-half the current in the next higher ''rung". Thus a 
binary word may be input to such a structure to program an analog current 
based on a digital word. For schematic representation purposes each rung of 
the ladder is controlled by an inverter 182 which routes the current in the rung 
through one of two paths switched by transmission gates 183. Each of the . 

1 5 inverters 182 is controlled by one bit of the data sequence defined by the 
residual correction sequence generator 171 through 179. One output of the two 

possible paths for the rung currents is added to current sink 170. The other 
path is passed to ground through transistor 184. Thus the inputs 171 through 
179 modulate the current level of current sink 170 and provide a method of 

2 0 adding the residual em>r correcti~ signal to the phase detector output. 
The residual error correction gain must equal the phase detector gain 1CfiJ 

divided by the average division ratio for cancellation. The phase detector gain 
is IW2Il so the maximum current out of the ladder structure will be the charge 
pump current requited by the nonnal loop divided by 2IlNL. One half of this 

2 S current must be subtracted from the nominal current setting resistor for current 
sink 170. This results in the resistor values chosen for resistors 180, 181 ,.and 
185. 
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_ Resistor 185 would normally be equal to R/2 so that the current in current 
sink 170 (-2*VDN-VBE)IR) would be double that in current sink 169. In the 
residua! correction scheme, as shown here, an additional cmrent is passed 
through the R-2R ladder structure. When the residual error is set to zero then 

5 the data bits will be 10000000. The total current in the ladder is then (VDN­
VBE)htNR. To preserve the charge pump 110 in the same condition as without 
error correction, this current must be subtracted from the main current path such 
that the sum of the two currents equals 2*(VDN-VBE)IR once again. Thus 
2*(VDN-VBE)IR - (VDN-VBE)l7tNR- (VDN-VBE)*(2/R-l/7tNR). From 

1 0 this and Ohm's Law resistor 185 becomes R/(2-lhcN)). 
The minimum current through the resistor ladder is 0 corresponding to 

00000000 or maximum negative conection. The maximum current through the 
ladder is 2*(VDN-VBE)l7tNR corresponding to 11111111 or maximum 
positive current. If the residual error is positive then one unit is 10000001, if it 

1 5 is negative then one unit is 01111111, thus, the first (MSB) bit is used as a sign 
of for the current c0uection. 

What is claimed is: 
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1~ A frequency synthesizer having a controllable oscillator for generating 

a first signal having a fll'St frequency, the frequency synthesizer comprising: 

5 means for creating a divider sequence signal, the divider sequence signal 

containing a desired value and an error value; 

means for dividing the frequency of the first signal, the means for 

dividing dependent upon the divider sequence signal and forming a first divided 

signal; 

1 0 means for detecting the phase of the divided signal and generating a 

detected divided signal; 
means for approximating the error contained in the first divided signal due 

to the error value in the divider sequence signal and forming a first error 
common signal; and 

1 5 means for modulating the detected divided signal with the error correction 

signal and generating a modulated signal having reduced residual error and for 

controlling the controllable oscillator. 
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2. A frequency synthesizer in accon:lance with claim 1 further comprising 
ineans ~or filtering, responsive to means for modulating, the modulated signal. 

5 3. A frequency synthesizer in accordance with claim 1 wherein said 
means for creating a divider sequence signal further comprises: 

means for accepting a frequency offset signal; 

first means for integrating the frequency offset signal, fonning a fmt 
integrated signal and a fiist carry signal; 

1 0 second means for integrating the first integrated signal fonning a second 
integrated signal and: a second carry signal: 

first means for derivating the second carry signal, forming a derivated 
second cmy signal; 

means for combining said derivated second cmy signal with said fmt 
1 5 cmy signal, fanning a .first combined signal; 

means for derivating said fmt combined signal, fanning a fmt derivated 
combined signal; and 

means for combining said fmt derivated combined signal with a 
programmable divider frequency divider signal, creating a divider sequence 

20 signal. 

4. A frequency. synthesizer in accordance with claim 3 wherein said 
means for approximating the error further comprises: 

means for combining the first integrated signal with the second integrated 
2 5 signal forming a second combined signal; and 

means for derivating said second combined signal forming said first error 
correction signal. 



111111111111111111111111111111 
* C L M S * 

14 

.. S. A fractional~N frequency synthesizer accepting a first signal to select a 
controllable oscillator output signal frequency by dividing the output signal 
frequen9' with a variable divisor divider controlled by a divider sequence signal 
from an accumulator network creating a divided signal, the divider sequence 

5 signal containing a desired value and an ermr value, the ftactional-n synthesizer 
comprising: 

an ermr correction signal generator for approximating the error contained 
in the divider sequence signal and generating an ermr correction signal; 

a phase detector coupled to the divided signal output from the variable 
1 0 divisor divider for detecting the phase of the divided signal and generating a 

detected divided signal; 
a modulator coupled to the detected divided signal output from the phase 

detector for modulating the detected divided signal· with the error conection 
signal and generating a modulated signal having reduced residual error; 

1 5 a loop filter coupled to the modulated signal output from the modulator, 
generating a filtered signal; and 

a controllable oscillator for accepting the filtered Signal and generating an 
output signal having a predetermined frequency. 
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6. A fractional-N frequency synthesi7.er comprising: 
a controllable oscillator outputting a first signal having a fJrSt frequency 

and ac~pting a modulated signal for controlling the frequency of the first 
signal; 

5 an accumulator network creating a divider sequence si~ the divider 
sequence signal containing a desired value and an error value; 

a divider having a signal input and a control input and a signal output, the 
first signal coupled to the signal input of the divider, the divider sequence signal 
coupled to the control input of the divider for controlling a variable divisor 

1 0 divider, the variable divisor divider for dividing the frequency of the first signal 
and generating a first divided signal; 

an error correction signal generator for approximating the error contained 
in the divider sequence signal and generating an error correction signal; 

a phase detector coupled to the divided signal output from the variable 
1 5 divisor divider for detecting the phase of the divided signal and generating a 

detected divided signal; and 

20 

a modulator coupled to the detected divided signal output from the phase 

detector for modulating the detected divided signal with the error correction 
signal and generating the modulated signal having reduced residual error. 
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- 7. A method of frequency synthesizing, the. frequency synthesizer having 

a controllable oscillator for generating a first signal having a first frequency, the 

methoq comprising the steps of: 

creating a divider sequence signal, the divider sequence signal containing 

5 a desired value and an etror value; 

dividing the frequency Of the first signal. the step of dividing dependent 

upon the divider sequence signal and forming a first divided signal; 

detecting the phase of the divided signal and generating a detected divided 
signal; 

1 0 approximating the error contained in the first divided signal due to the 

error value in the divider sequence signal and forming a first error correction 

signal; and 

modulating the detected divided signal with the error correction signal and 

generating a modulated signal having reduced residual error and for controlling 
1 5 the controllable oscillator. 
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8. A method of frequency synthesizing in accordance with claim 7 further 

com~ a step of f.tltering, responsive to said step of modulating, the 

modulated signal. 

9. A method of frequency synthesizing-in accordance with claim 7 

wherein said step of creating a divider sequence signal further comprises the 

stepSof: 

accepting a frequency offset signal; 

1 0 integrating the frequency offset signal, forming a first integrated signal 

and a fmt cany signal; 
· integrating the first integrated signal forming a second integrated signal 

and a second carry signal; 

derivating the second carry signal, forming a derivated second cany 

1 5 signal; 

combining said derivated second carry signal with said first carry signal, 

forming a first combined signal; 

derivating said first combined signal, forming a first derivated combined 

signal; and 

2 0 combining said firstderivated combined signal with a programmable 
divider frequency divider signal, forming a divider sequence signal. 

10. A method of frequency synthesizing in accordance with claim 9 
wherein said step of approximating the error further comprises: 

2 5 combining the first integrated signal with the second integrated signal 

forming a second combined signal; and 

derivating said second combined signal forming said first error correction 
signal. 


