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A wideband low power low phase noise dual-modulus prescaler
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Abstract: This paper describes a novel divide-by-32/33 dual-modulus prescaler (DMP). Here, a new combination
of DFF has been introduced in the DMP. By means of the cooperation and coordination among three types, DFF,
SCL, TPSC, and CMOS static flip-flop, the DMP demonstrates high speed, wideband, and low power consumption
with low phase noise. The chip has been fabricated in a 0.18-um CMOS process of SMIC. The measured results
show that the DMP’s operating frequency is from 0.9 to 3.4 GHz with a maximum power consumption of 2.51 mW
under a 1.8 V power supply and the phase noise is —134.78 dBc/Hz at 1 MHz offset from the 3.4 GHz carrier. The
core area of the die without PAD is 57 x 30 um?. Due to its excellent performance, the DMP could be applied to
a PLL-based frequency synthesizer for many RF systems, especially for multi-standard radio applications.
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1. Introduction

In a frequency synthesizer, the frequency divider is a criti-
cal block in the feedback path, which works at a high frequency
and consumes a lot of the circuit power. In order to reduce the
power consumption, the DMP is most widely applied in inte-
ger or fractional-N frequency synthesizers. In most cases, the
clock signals of the DMP are directly supplied by a VCO (volt-
age controlled oscillator) so that the structure optimization of
synchronous counter is essential to increase the operating fre-
quency of the prescaler and to lower the power consumption
in the design[!l. With the development of wireless communica-
tions, the wireless communication scenario is dominated by the
simultaneous presence of a variety of standards, which cover
different applications and employ a wide range of frequency.
Thus, the DMP must have a wide frequency range too. In con-
sequence, the design efforts are to reduce the power consump-
tion and to increase the operating frequency, and the range of
operating frequency should be comprehensively considered in
the process of the DMP design.

A high-speed DMP is usually based on one type of
topology: SCL (source couple logic)?~#, TSPC (true-single-
phase-clock)!!>>-6] or E-TSPC (extended true-single-phase-
clock)7=91, and the remarkable characteristic of it is high wide-
band or low power. But wideband and low power are not
achieved simultaneously. On the other hand, a typical DMP
based on SCL or TPSC has three parts: a synchronous dual-
modulus divider, an asynchronous divider, and the combina-
tion logic circuits. Optimization of these structures was focused
on the synchronous dual-modulus divider to obtain high speed
and lower power consumption and was not concerned with
other parts in the design. In practice, three parts of the DMP
are the cooperation and coordination and should be compre-
hensively considered. Furthermore, the DMP with high speed,
wide band, low power consumption, and high spectrum purity
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is more and more important for multi-standard radio applica-
tions.

In this paper, we present a high-speed, wide-band, low-
power, and low phase noise divide-by-32/33 DMP for multi-
standard radio frequency synthesizers. The DMP is based on
SCL, TSPC and CMOS static flip-flop. The basic circuit struc-
ture of the synchronous dual-modulus divider is SCL, and the
asynchronous divider includes TSPC and CMOS static flip-
flop. The architecture of the divide-by-4/5 divider and the asyn-
chronous counter ensure that the whole circuit is suited to
multi-standard radio applications. The circuit is implemented
in a 0.18 um CMOS technology of SMIC.

2. Architecture of the DMP

The block diagram of the proposed DMP is shown in
Fig. 1. In this diagram, three blocks can be identified. The first
block is composed of three SCL fall edge-triggered D-flip flops
(D-FF) without external logic gates. It is a synchronous divide-
by-4/5 divider. The second block is composed of one TPSC and
two CMOS static flip-flop DFFs. It is an asynchronous divide-
by-8 divider. The last block is a combination logic circuit to
generate internal signal V; through the MC signal and the asyn-
chronous divider output signal. When internal signal V; is logi-
cal high (1, = 1), the division ratio of the divide-by-4/5 counter
is 4; otherwise, the division ratio is 5. The signal MC is used
to select the dual-modulus division ratio 32 or 33. When the
internal signal MC is logical high (MC = 1), the division ratio
of the DMP is 32; otherwise, the division ratio is 33.

The divide-by-4/5 divider is the most crucial block in the
whole circuit. It works at the highest frequency, consumes the
most power, and limits the range of operating frequency that
the DMP could reach. A lot of effort has been put into the de-
sign of the divide-by-4/5 divider. Many optimization methods
have already been proposed!!-2!. We choose the SCL structure
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Fig. 2. Schematic of (a) the DFF with OR, (b) OR-latch, and (c) D latch.

including one D-flip-flop (DFF) and two OR-flip-flops (OR-
FFs)!?l. Merging the OR gate and DFF based on the SCL en-
sure that the divide-by-4/5 divider can achieve a high speed and
a low power. Many modifications and the parameter optimiza-
tion are made to adapt the speed and wideband requirements of
the DMP.

Figure 2 shows the block diagram of the DFF with OR
and the schematic of two kinds of latch used in the divide-
by-4/5 divider. It uses a master-slave structure. Each D latch
is triggered by two differential clock signals, CLK or CLK.
These two latches always operate periodically and alternately
between the sampling mode and the holding mode. Compared
to the original one in Ref. [2], the gate of the load transistors
in the proposed DFF is connected to the ground instead of the
drain in order to the VDD instead of a transistor in order to
lower the power consumption and increase the swing of the
output signals. The disadvantage of the modifications is that the
output signals are asymmetrical. Fortunately, the circuit fol-
lowing the proposed DFF is edge-triggered TSPC DFF in the
DMP and does not affect the performance of the whole circuit.

The asynchronous counter consists of three D-flip-flops.
Its operating frequency is one-fourth or one-fifth of the in-
put frequency, so the speed requirement is decreased. How-
ever, it is required that the DFF has low power consumption, a

wide band, and a low phase noise. According to the efficiency
and demands of speed and low power consumption, the TSPC
shown in Fig. 3(a)'%! was chosen for the first D-flip-flop, and
the parameters of the transistors were optimized to suit the re-
quirements of the speed and operating frequency range. How-
ever, this structure is not suitable for low speed and good noise
performance. The demands of the next two DFFs shown in
Fig. 3(b) are low power consumption and good noise perfor-
mance. According to the analysis above, a CMOS static DFF
was chosen. Using such a structure, a good phase noise perfor-
mance and a large operating frequency range can be obtained.
Moreover, it consumes zero static power.

3. Circuit design

In this design, an SCL circuit structure has been employed
in the design since it can work at a high speed and wide band.
The TSPC circuit structure has been employed in the design
since it can work at high speed with low power consumption.
The CMOS static flip-flop circuit structure has been employed
to ensure suitable speed and the low phase noise with low
power. So the optimization of SCL and TSPC is focused on
maximum operating frequency; the optimization of the CMOS
static flip-flop is focused on good noise performance.
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Fig. 3. Schematics of the in asynchronous counter. (a) TSPC DFF. (b) CMOS static DFF.
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Fig. 4. Simplified schematic of (a) OR-latch in sampling mode and (b) latch in sampling mode.

3.1. Optimization of SCL DFF

The maximum operating frequency of the DMP is decided
by the divided-by-4/5divider and SCL-DFF with OR and is the
key module in the divide-by-4/5 divider. The speed of the pro-
posed divided-by-4/5 divider is determined by the sampling
time of the SCL-DFF. To predict the maximum operating fre-
quency of the SCL DFF with OR, the simplified schematics of
the sampling are shown in Fig. 4.

3.1.1. Sampling time of OR-type D-latch

It is supposed that at the beginning, the CLK signal is at
the high level and the CLK signal is at the low level. The OR-
type D-latch is in the sampling state and the D latch is in the
holding state.

Figure 4(a) shows the simplified schematic of the OR-type
D-latch in sampling mode. It is supposed that at the beginning,
Dy or D and Q ports are at the high level, then Q port is at the
low level. Thus, one of Mnl and Mn2 turns on; another turns
off. The charge-down time constant (zq7) is given by

411 ~(Cpsmpi + Cosmnt + Cpsmnz + CLgg)
X [ronMpl || (ron3 + ronMnZ) ||RL@] . (1)

And the charge-up time constant (,q;1) is given by

Two11 & (Cpsmpz + CLqo)
X [(ron7 + ron3) ||r0nMp2||RLQ0] ’ (2)

where 7403, FonMp1» FonMn2, TonMp2 and 7oz are the on-resistance
of Mn3, Mp1, Mn2, Mp2 and Mn7. RLgqj and RLqo include
the parasitic and load resistance. C Lz and CLqy include the
load and parasitic capacitance.

If Dy, Dy, and Q ports are at the high level, then Q port is
at the low level, and Mnl and Mn2 turn on. The charge-down
time constant (7,q73) is given by

T4om2 ~(Cpsmpl + Cpsmnz + Cpsmni + € L)
X [ronMpIH (r0n3 + TonMn1 ||r0nMn2) ||RL@] , (3)

and the charge-up time constant (7,q;2) is given by

TwQI2 & (CDSMpz + CLQO)
X [(ron7 + Fon3) ||r0nMp2||RLQ0] ) 4)

where rouvn1 1S the on-resistance of Mnl.

If Dy, D1, and Q ports are at the low level, then Q port is
at the high level, and Mn1 and Mn2 turn off. The charge-down
time constant (z4q11) is given by

4011 2~ (Cpsmpz + CLqo)
X [(r0n7 + ron3) ||r0nMp2||RLQ0] ’ (5)
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Fig. 5. Maximum operation frequency versus width of Mn1 and Mn2.
and the charge-up time constant (7,q7) is given by

Tuart ~(Cpsmpl + Cpsmni + Cpsmnz + € Lgg)
[ronMpl | | RL@] . (6)

3.1.2. Sampling time of D-latch

It is supposed that at the beginning, the CLK signal is at the
low level and the CLK signal is at the high level. The OR-type
D-latch is in holding state and the D-latch is in the sampling
state.

Figure 4(b) shows the simplified schematic of the D-latch
in sampling mode. If D and Q ports are at the high level, then,
Dand Q ports are at the low level, Mn10 turns on and Mn11
turns off. The charge-down time constant (7jq;7) is given by

Tagar ~(Cpsmps + Cosmmio + C Lgp)
X [rOHMP6|| (ron12 + ronMnlO) ||RLG] s (7)

and the charge-up time constant (tyq21) is given by

w21 ~ (Cosmpr + Cosmpi1 + CLq1)
X (ronMp7| |RLQ1) s (8)

where ron12, FonMp6»> FonMn10, a0d Fonvip7 are the on-resistance of
Mn12, Mp6, Mn10, and Mp7. respectively; RLgy and RLq
include parasitic and load resistance; C L@ and CLq, include
load and parasitic capacitance.

3.1.3. Circuit optimization of the SCL DFF with OR

To compare the sampling time of the OR-type D-latch and
the D-latch, the sampling time of the OR-type D-latch is larger
than that of the D-latch because it is integrated with the “OR”
logic gate. So the maximum operation frequency is determined
by the Q ports of the OR-type D-Latch. According to the anal-
ysis above, the sizes of Mn1 and Mn2 are the key of the SCL
DFF with OR. The relation of the maximum operation fre-
quency and the sizes of Mnl and Mn2 are shown in Fig. 5.
The maximum operation frequency of DMP is 3 GHz, so the
width of Mn1 and Mn2 is set to 750 nm.

3.2. Optimization of TSPC divided-by-2 divider

The operation frequency of TSPC DFF is one-quarter or
one-fifth of the divided-by-4/5 divider and the range of it is
from 200 to 800 MHz. To decrease the power consumption
and keep high speed, the split-output latch stage is applied. To
predict the suitable size of transistors, the sampling and hold-
ing time constants of the key nodes are analyzed, according to
Fig. 3(a).

It is supposed that at the beginning, the CLK signal is at
the low level. Thus, Mp2 turns on and Mn3 turns off. If D is
at the high level, Mp1 turns off and Mnl turns on, otherwise
Mnl turns off and Mp1 turns on. At the gates of Mp3 and Mn2,
the charge-down time constant (74own1) and the charge-up time
constant (z,p1) are given by

Taownt & [Camps + Cosmpt + (Comnz + Cosmnt) | Coswp2 |

X (ronMnl + ronMpZ) )

©

Tupl 2 [Camnz + Cosmnt + (Caomps + Cpswmipl ) || Cosmp2 |

X (ronMpl + ronMpZ) ’

(10)

where 7onMn1, Tonmp1 and 7onmp2 are the on-resistance of Mnl,
Mp1 and Mp2, respectively. At the same time, the gates of Mn4
pre-charge down or Mp4 pre-charge up. If the CLK changes to
low level, Mn3 turns on and Mp2 turns off. The gate level of
Mn4 or Mp4 has already reached and begins to hold. Thus,
Mn4 or Mp4 turns on. The Q port begins to charge up or down.
The charge-down time constant (Tqown2) and charge-up time
constant (t,p2) are written as

Tdown2 ~(Camp1 + Caomni + Cosmps + Cpsvins + Cr)

X (ronMn4 ”RL)7 (11)
Tup2 & (Compt +Camnt +Cpsmps+Cpsmnas+CL) (Fonmps | RL)

(12)
where 7onmn4 and 7onvps are the on-resistance of Mn4 and Mp4,
respectively. Then, when the CLK changes to high level, the Q
port begins to hold and the gates of Mn4 and Mp4 stop to share
charge. Thus the holding time constant (,,14) 0of Q port is given

by

Thotd 2 (Compt + Camnl + Cpsmna + Cpsmps + C1)

X (rpsmn4 | RL) (13)
or
Thold & (Compt + Comnt + Cpsvind + Coswips + C1)
X (rpsmpa [|RL) (14)

where rpgmng and rpgmps are off-resistance of Mn4 and Mp4;
Ry is the load resistance and C. is the load capacitance.

According to the analysis above and the characteristics of
TSPC circuit, the NMOS transistor size is minimum technol-
ogy size and the PMOS transistor size is nearly twice that of
the NMOS to ensure the maximum operation frequency and
low power consumption.
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Fig. 6. (a) Chip photograph, and (b) layout of the proposed DMP.
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Fig. 7. Measured output waves of the proposed (a) divide-by-32 with input frequency 0.9 GHz, (b) divide-by-33 with input frequency 0.9 GHz,
(c) divide-by-32 with input frequency 3.4 GHz, and (d) divide-by-33 with input frequency 3.4 GHz.

3.3. Optimization of CMOS static DFF divided-by-2 di-
vider

The maximum operation frequency of the CMOS static
DFF is 400 MHz and it is easy to realize in the SMICs 0.18-um
CMOS process. The size of transistors in Fig. 3(b) is needed to
achieve the best noise performance. Thus, the NMOS transis-
tors sizes should ensure route length equalization according to
the branching effort of the logic gate with minimum size.

4. Measured results

To verify the performance of the DMP, a circuit was imple-
mented in the SMICs 0.18-pum CMOS process. Figure 6 shows
the micrograph of the fabricated DMP (which is marked). The
core area is 57 x 30 um?.

Figure 7 shows the measured output waveforms of the fab-
ricated DMP divided by 32 and 33 when the input signal fre-
quency is 3.4 GHz and 0.9 GHz, respectively, with the power
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Table 1. Comparaision with published results.

Reference Technology Operating frequency range (GHz) Division ratio  Power consumption (mW)
Ref. [1] 0.25 um CMOS 2.5 64/65 35 (include buffers)
Ref. [2] 0.18 um CMOS 4.5 8/9 5.76
Ref. [3] 0.35 um CMOS ~ 2.6-2.4 4/5 36.4
Ref. [9] 0.18 um CMOS  3-4.6 16/17 9.7
This work 0.18 um CMOS  0.9-3.4 32/33 2.51
proportion with the phase noise of the input signal. This is be-
1.0 cause the phase noise of the output signals include the effect
of the input signal phase noise (PN, ), the phase noise of the
08l sampling effect (PNy,), the phase noise of the measuring in-
strument (PNp,;), the phase noise of test circuits of proposed
o 06 frequency divider (PNy;) and the phase noise of the proposed
= frequency divider circuit (PNg). The relation of them is
>
04r PNioal =PNgg + PNein + PNy, -+ PNoyi + PNee
02l =PNgg + PNj, — 101g N + PNy, + PNy + PN,
' (15)

1 1 1 1 1 1
0'%.5 1.0 1.5 2.0 2.5 3.0 35
Frequency (GHz)

Fig. 8. The sensitivity measured from the proposed DMP.
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Fig. 9. Phase noise measured from the proposed DMP at the input
signal frequency of 3.4 GHz.

supply voltage of 1.8 V. Above the minimum input voltage,
reliable operation is guaranteed. The measured minimum in-
put sensitivity Vp_p versus the input frequency of the DMP is
plotted in Fig. 8. The minimum input voltage of the frequency
dividers is less than 0.95 V in the frequency range of 0.9-3.4
GHz. The minimum input signal peak for a DMP working at
3.4 GHz and 0.9 GHz is 0.95 V and 0.59 V, respectively. The
maximum power supply current measured was 4 mA, includ-
ing power-hungry larger output buffers. According to the sim-
ulated results, we estimate the maximum current of the DMP
core to be about 1.71 mA.

The phase noise of the output signal and the 3.4 GHz in-
put signal is measured by means of a spectrum analyzer. The
results are shown in Fig. 9. We can see that the phase noise
does not change with division ratio obviously. On the other
hand, the phase noise of the output signals is not reduced in

where PNj, is the phase noise of the input signal and N is the
divider ratio.

5. Conclusion

In this paper, a divide-by-32/33 DMP based on three kinds
of topology DFF is proposed. An OR-FF SCL structure is ap-
plied to improve performance of the synchronous divider. A
TSPC and CMOS static DFF structure is used to assure the
high speed, wideband, low power consumption and low phase
noise. The design circuit was implemented in a SMICs 0.18-
pum CMOS process. The measured results show that the op-
erating frequency range of the DMP is from 0.9 to 3.4 GHz;
the phase noise is —134.78 dBc/Hz at 1 MHz offset from 3.4
GHz carrier; the static power consumption is 2.14 mW; and
the average power consumption is 2.51 mW at 3.4 GHz with
a 1.8 V supply voltage. A comparison of this DMP with other
recently published results is listed in Table I. It is shown that
the proposed structure has the lowest power consumption and
the largest range of operating frequency. The presented DMP
is thus particularly suited to a multi-standard, ultra-wideband,
low-power consumption frequency synthesizer.
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