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Abstract: A new coarse tuning loop for a wide-band dual-loop frequency synthesizer is presented. The coarse tun-

ing structure is composed of two digital modules, including a successive approximation register and a frequency

comparator with a novel structure. The frequency comparator counts the prescaler cycles within a certain refer-

ence time and compares the number with preset data to estimate the VCO frequency. The frequency comparison

error is analyzed in detail. Within a given coarse tuning time,our proposed structure shows a comparison error 20

times smaller than that of other reported structures. This structure also reuses the programmable divider as a part

of the coarse tuning loop so that the circuit is greatly simplified.
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1 Introduction

As integrated phase-locked loop (PLL) fre-
quency synthesizers have been more widely used
in modern communication, a large, multi-band
tuning range is required for compatibility between
various standards,and this in turn requires a high
VCO gain for a single loop PLL. However,a high
VCO gain means high sensitivity of the PLL with
respect to noise in the control line. Scaled supply
voltage in submicron CMOS technology makes the
situation even worse for the shrunken VCO tuning
voltage.

One way to achieve both wide tuning range
and low VCO gain is to use digital controlled
switched-capacitors (SCs) in the VCO’s resonant
tank "'’ and dual loops. i.e..a coarse tuning loop
and a fine tuning loop,to control the SCs and the
tuning voltage. respectively. The coarse tuning
loop in Ref.[2], which is composed of an analog
phase detector, a charge pump,a loop filter, and
an ADC.can easily realize dual-loop settling with
large loop band width, but it consumes too much
chip area and current. Inspecting the tuning volt-
age to estimate the VCO frequency simplifies the
coarse tuning loop"®' , but the fixed bandwidth can
hardly compromise between settling time and
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phase noise. The digital filter after the divider in
Ref.[4] with a look-up table can get the right
tuning curve quickly,but the loop is also complex.
A direct digital calibrating loop was then brought
into applications to simplify the control circuit
and speed the coarse tuning process in Refs. [5~
7]. In these structures, all digital adaptive fre-
quency calibration (AFC) ,including the frequen-
cy comparator and coarse tuning controller, are
used. The reference frequency and divided output
frequency are compared before being counted
long enough to detect the frequency,and then the
control word is calibrated™® . Since enough accu-
racy must be guaranteed, the counting process
lasts a very long time. Lee et al.'” reported an
improved AFC structure with an additional refer-
ence multiplier to shorten the course tuning time.
However, according to the analysis in section 3,
the frequency tuning error can be optimized. As
mentioned in Ref. [7], the frequency comparison
error is due to asynchronous signal edges of the
two input frequencies,which is inevitable,so com-
parison error is a problem for this kind of struc-
ture. But in all the papers referred to above, no
comparison error has been discussed in detail for a
digital coarse tuning loop. In this paper,a new
all-digital coarse tuning loop for a multi-band fre-
quency synthesizer is presented. The most signifi-
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cant feature of this structure is that the high fre-
quency of the fine tuning loop is used as a clock to
count the cycles within the reference time to de-
tect the VCO frequency. As analyzed in the fol-
lowing section, the proposed structure introduces
less comparison error within a given tuning time.
The idea is also designed with digital circuitry and
verified by simulation.

2  Proposed structure

As shown in Fig. 1, the fine tuning loop is
composed of a phase/frequency detector (PFD) ,a
charge voltage-controlled
(VCO) ,a divider (composed of a prescaler and a

pump, a oscillator
programmable divider) ,and a loop filter. The di-
vider and the VCO arc also parts of the coarse
tuning loop. The coarse tuning loop compares the
VCO frequency with preset one, and the SAR
controls the coarse tuning process. The switch SW

Jrer

Counter

Reset2 Clock
DFF SAR

Jrer ::I I:: Charge IR Loop
PFD pump filter

v Reset1
Divider |
+N/N,

JSaw

Fig.1 Proposed dual-loop frequency synthesizer dia-
gram (sigma-delta modulator not included)

in Fig.1 connects to V. during the coarse tuning
process and to the output of the loop filter during
the fine tuning process. The divider ratio of the
divider is N/N. during the fine/coarse tuning
process. Each time the synthesizer is powered on
or reset to a new frequency,the coarse tuning loop
is enabled,and the proper VCO tuning curve is se-
lected within k comparing cycles. k cycles later,
the k-bit control word is frozen for the fine tun-
ing process. The SAR sets the VCO control bits
one by one to realize binary searching, which is
explained in Fig. 2. The SAR first presets the MSB
of the control word and then compares the count-
er result with preset data M to detect the frequen-
cy. Finally, it revises the preset bit according to
the comparison result. Then it does the same for
the next significant bit,until the LSB is preset and
revised. The process is similar to that in Ref.[7],
except that we use only one signal to indicate the

frequency comparison result, which simplifies the
comparison modules. After all VCO control bits
from the MSB to the LSB are preset and revised,
the control word is frozen, and the fine tuning
loop begins to work.

Power up/digital control

}

Break fine tuning loop,
VCO input<V g
VCO control word< “00..00”
set n=k-1

Set bit n of control word
with “1”

| Compare frequency |

n=n-1

Y

Set bit n of control word
with “0”

Y

Freeze digital control word
for VCO
disable coarse tuning loop
enable fine tuning loop

Fig.2 Binary search diagram of SAR

3 Frequency comparator and compar-
ison error

Figure 3 shows the coarse tuning block dia-
grams of the coarse tuning structure. Figure 3(a)
is the conventional structure, and Figure 3 (b) is
the new structure proposed in this paper. As men-
tioned above, there is a comparison error in the
digital frequency comparator because of the varia-
ble phase difference between input signals at the
start and end points of each comparison. In order
to estimate the comparison errors of above struc-
tures, we observe the general comparing process.
As shown in Fig. 4, R represents the reference
frequency with fixed period,and M (here M =6)
cycles make up a comparison reference time T,..
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Fig.3 Coarse tuning block diagram (a) Conven-

tional structure; (b) Proposed new structure

Marks a and b are the start and end points, re-
spectively. V is the signal being compared,and V,
and V, are the two instances with very close fre-
quency but very different phases at start point a.

a T,
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Fig.4 General frequency comparison waveform

Given that the positive edge is the active
edge,the count results of V; and V, are very dif-
ferent. As shown in Fig.4, V,’s first positive edge
comes just after the counting process start point
a ,and the last positive edge comes just before the
count process end point b,and the counting result
is 7. Meanwhile, V, just misses the two chances at
points a and b, and the counting result is 5. As
can be seen in Fig.4,the frequencies of V, and V,
are very close, but the counting results are very
different.

Here V, and V, represent two extreme con-
ditions,and the counting results reflect the count
error range. If X is the expected count, then the
count result may be X =1, X.,or X + 1. Thus the
maximum counting error is * 1. If the count result
is X, the actual count may be X -1, X,or X +1,
so the extreme period of the V is

T. _ M
X+1 Xz+1

Ty = Tk (D

Since

the time for one VCO bit calibration. Different M
or X will not affect the above comparison error
estimation.

For k-bit VCO control bits and binary
searching,the coarse tuning time is

Tarc = kT,
Thus,reducing the comparison error is at the cost
of increasing the coarse tuning time,and vice ver-
sa.

Note that the frequency comparison error in
Eq. (3) is not for our target——VCO frequency
error. In the structure of Fig.3(a),as

fvco = Nfdiv €]

the maximum VCO frequency comparison error is

f‘vco.error.max = Nfdiv.error.,max =4 Nfrc 5

As for a fractional-N frequency synthesizer, the

“N” in Eq. (5) is the integer part of the fractional

divide ratio, and additional error may be intro-

duced into the total error, so for a fractional-N

structure,

fueocrrormax = £ (N + 1) fre (6)

For any condition, the VCO frequency compari-

son error is inversely proportional to the compari-

son time T,..so we can improve one parameter
only at the cost of the other.

In order to compare the performance of the
structures in Fig.3,a new figure of merit, ETP,is
defined as the product of the maximum VCO
comparison error and the time for one bit calibra-
tion .

ETP =| fico.cmormx | Tre (D
As small calibration time and small calibration er-
ror are expected, the smaller the ETP, the higher
performance we will get.

Substituting Eq. (6) into Eq. (7),we get the
ETP for the normal frequency comparison struc-
ture:

ETP = N +1 €))
In Eq. (8), M has disappeared, which means that
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ETP is independent of M. Although changing M
may help to tradeoff between the comparison er-
ror and the comparison time,the general perform-
ance remains unchanged.

We also find in Eq. (5) that N comes from
the divider ratio between fyco and fg, ,» which is
the frequency being compared with the reference
frequency. Thus an effective way to decrease ETP
is to decrease this ratio.In Ref.[7],the ETP can
be optimized according to the analysis above.

If f.. can be used as the input of the frequen-
cy comparator, we will get the best result, in
Eq. (8) with N =1.As shown in Fig.4,the count-
er must be resetable before point a,but in an RF
frequency synthesizer, the VCO frequency is too
high for digital counters to reset. Although high
speed prescalers are inserted to slow down the
VCO frequency, they are hard to reset in critical
time. Therefore, the prescaler output frequency f,
is the highest frequency that can be used as the in-
put of the frequency comparator, and using this
signal is the idea behind the structure in Fig. 3
(b).

In Fig. 3(b), the prescaler output frequency
f, is used as the input of the programmable divi-
der with reset. The divider is reused as a “frequen-
cy comparator”.and the divider ratio between f,,
and f.; is N.. The programmable divider output
MC controls the prescaler divide ratio. The f.
counter generates a comparison reference time 7'
for the coarse tuning. Resetl, Reset2, and Clock
have the same frequency of f../(M +1) and dif-
ferent timings for correct counting and result esti-
mation. In each clock cycle,the programmable di-
vider is reset and begins to count and output f,, as
a normal divider. The D-flip-flop (DFF) captures
the first edge of f4 and output signal D for the
SAR.

Figure 5 shows the waveform of the proposed
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Fig.5 Waveform for Fig.3(b)

structure in Fig. 3 (b). Here, the reference fre-
quency is used to generate the reference time for
frequency comparison,and the reference time T
can be generated with the same reference fre-
quency as the fine tuning loop used. In Fig.5,the
reset signal divider reset controls the reset of the
programmable divider, and the positive edge of
fay is captured by the DFF and output D to indi-
cate whether the count result is greater than the
preset frequency. Here, M = 8,and the divide ratio
between f, and f,, for the main counter is 10. In
this condition,signal D indicates that the frequen-
cy of f,., is greater than the preset one. If the fre-
quency of f., is smaller than the preset one. no
pulse of fg4, will be observed and D remains low,
because the divider is reset before it can generate
this pulse.

With the structure in Fig.3(b),the VCO fre-
quency is divided by P or P +1 by the prescaler,
and without prescaler resetting, the maximum
VCO counting error can be readily deduced as

Freororms = £ Pfic 9
where P instead of P + 1 is used in Eq. (9) be-
cause we can easily control the prescaler to divi-
der by P at the start and end points. For the frac-
tional-N frequency synthesizer,we can also get

frconermorman = £ (P + 1) fro (10

Finally we can get the ETP for our proposed
structure:

ETP = P + 1 an

Generally speaking, P is much smaller than N,so

the new coarse tuning structure in Fig.3(a) shows

much higher performance than that of the normal
structure.

4 Simulation results

A fractional-N wide-band frequency synthe-
sizer with the structure shown in Fig. 1 was de-
signed with Jazz 0. 35ym 3.3V CMOS technology
and simulated with Cadence,where the sigma-del-
ta modulator (SDM) is not shown. Since the SDM
was not needed during the coarse tuning process,
its output was shut down for coarse tuning. This
had little effect on the fine tuning loop. The VCO
tuning range is 1. 7~2. 6GHz, which covers multi-
ple modern communication bands, such as 1.8,
1.9, 2, and 2. 45GHz. Dividing by two, another
two bands, 850 and 900MHz, can be covered. The
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coarse tuning part, including the programmable
divider, SAR., f.; counter, and control bus, were
synthesized and routed, with a total area of
0.104mm?*.

The VCO is designed as that in Ref.[7],and
the prescaler divider ratio of 4/5 is chosen. The
VCO total tuning range is 900MHz, with a 4-bit
control word. A frequency overlap between adja-
cent tuning curves of about 25% is designed, as
shown in Fig.6.

2.8
| Simulated 7y

5 | 1:65~2.72GHz S

0.5 1.0 1.5 2.0 2.5
Vi V

tun

Fig.6 VCO tuning curves

As we want the VCO frequency error of the
coarse tuning process to be less than 10% of the
average ecffective tuning range of one tuning
curve,

|fVCO~CI'l"0T-mﬂX | = 10% X W

24
Introducing the above equation into Eq. (10), we
get the smallest T :

= 11. 25MHz

» /b<3>

]
—

P+1 _ 5
| fueowerrormar | 11. 26MHz
In this design,the frequency f.;/16 can easily be
obtained,i.e. .M =16,and

_ 16
Tee = 20MHz

The coarse tuning process is shown in Fig.7 for a
target VCO frequency of 2. 15GHz. The divider
ratio is

T, = = 0. 45ps

= 0. 8‘u.S

N =107 = 0110 1011,
and the 12-bit sigma-delta input is
Ksom = 0.5 = 100000000000,
The divider ratio for coarse tuning frequency
comparison is
N, = [NKgpy X 16] = 011010111000, = 1720
In this design, P =4 and N =107,as (107 + 1)/(4
+1) =21.6,and the proposed structure shows 20
times higher performance than that of the normal
structure.

Figure 7 shows the simulation waveform for
the proposed structure. The signal bus b(3 : 0) re-
presents a 4-bit VCO control word. The signal
“state” is the output of the SAR (not shown in
Fig.3(b)),which indicates whether the frequency
tuning state is in coarse tuning (when state=1) or
in fine tuning (when state = 0). The signal MC is
the prescaler mode control bit,and it works dur-
ing both the coarse tuning and the fine tuning
processes. fa, is the output of the divider,and its
pulse signal is captured to calibrate the control
word b(3 : 0). In the beginning, one additional
T, cycle is for system resetting.

ot [p<2>
F/b2

FH: /b<1>

' ' '
—_n = =

Fw: /b<0>

a1 /state

! : )

= /MC

' '
S NN N

'
ENN

v
o o )
0 1 2 3

LU
4 5 6 7

t/us

Fig.7 Simulation result of the VCO control word waveform

As shown in Fig. 7, the VCO control word
b<3 * 0) is frozen to 0101 when the coarse tuning

is finished, and b(3 : 0) = 0101 represents the
sixth tuning curve in Fig. 6, which is the expected
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one. The total coarse tuning time is less than 4pus,
including the one additional resetting cycle, and
after the coarse tuning process,the fine tuning be-
gins. The coarse tuning loop shrinks the tuning
range from 900MHz (1.7 ~2.6GHz) to nearly
56MHz (900MHz/16) within only 4us. In Ref.
[71,it takes 12. 6pus to finish the AFC even with
two additional frequency doublers, so our pro-
posed structure provides an improved way to de-
sign a high performance frequency synthesizer for
future communication.

A fine tuning loop with a loop band-width of
100kHz is designed. In Fig. 8, the waveform of
Vime 18 shown. During the coarse tuning, V. re-
mains unchanged, while during the fine tuning
process, Vi, quickly settles down. After coarse
tuning, the VCO frequency is very close to the
target one,so the fine tuning loop easily locks. In
Fig. 8, the total locking process including coarse
and fine tuning takes only 15us. This indirectly
verifies the success of the proposed coarse tuning
structure.

Vind V

/state

t/ws

Fig.8 Simulation result of V.. and state

5 Conclusion

A new coarse tuning loop for a dual-loop fre-
quency synthesizer is proposed in this paper,and
the frequency comparison error is analyzed in de-
tail. With the newly defined figure of merit ETP,
the proposed coarse tuning loop shows much high-
er performance than conventional ones. This
structure also reuses the divider as part of the fre-
quency comparator,and the idea is verified by the
simulation of a 1. 7~2. 6GHz multi-band frequen-
cy synthesizer.
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