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A novel wideband low phase noise 2 : 1 frequency divider
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Abstract: This paper describes a novel low-power wideband low-phase noise divide-by-two frequency divider.
Hereby, a new D-latch topology is introduced. By means of conventional dynamic source-coupled logic techniques,
the divider demonstrates a wideband with low phase noise by adding a switch transistor between the clock port and the
couple node of the input NMOS pair in the D latch. The chip was fabricated in the 90-nm CMOS process of IBM. The
measurement results show that the frequency divider has an input frequency range from 0.05 to 10 GHz and the phase
noise is —159.8 dBc/Hz at 1 MHz offset from the carrier. Working at 10 GHz, the frequency divider dissipates a total
power of 9.12 mW from a 1.2 V supply while occupying only 0.008 mm? of the core die area.
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1. Introduction

Frequency dividers are required for many applications,
such as frequency synthesis in high speed wireless communi-
cation systems, quadrature signal generators, and clock recov-
ery circuits. The commonly used architectures of high speed
frequency dividers are source-coupled logic (SCL) dividers,
regenerative dividers, and injection locked dividers. Although
the latter two architectures can achieve a high speed with low
power consumption, they are inherently narrow band!!!, so
this is not suitable for wideband systems. In comparison with
them, SCL is a configuration with high speed, wideband, and
appropriate power consumption. So the SCL architecture is
widely applied in high speed wideband wireless communica-
tions. However, when the supply voltage drops below 1V, the
performance of SCL degrades significantly, and some of them
even fail to function?!. So Razavi’s structurel®! is widely ap-
plied in the low supply voltage. The disadvantage of the struc-
ture is that the bandwidth is not wide enough to work at low
frequency. On the other hand, a high spectrum purity divider
with wideband is more and more important for many applica-
tions, such as software radio. So the traditional SCL structure
should be improved to fit the demands of low supply voltage,
high spectrum purity, and wideband.

In this paper, a 1.2 V, 0.05-10 GHz low phase noise divide-
by-two frequency divider is designed with a novel D-latch
topology and designed in a 90-nm CMOSLP process. The cir-
cuit of the designed divider principle is briefly explained. A
theoretical analysis of the bandwidth and phase noise is de-
scribed.

2. Principle of the designed frequency divider

Figure 1(a) shows a block diagram of the divide-by-two
frequency divider. It consists of two D latches which are cross-
coupled with each other. It is based on master and slave latches
connected in series. All the latch data signals are differential
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and the clock signals are pseudo differential. Each D latch
is triggered by one clock signal, CLK or CLK. These two D
latches always operate periodically and alternately between the
sampling mode and holding mode. So the cross connection be-
tween the output of the slave latch and the input of the master
latch causes the clock frequency to be divided by two. Figure
1(b) shows the schematic of the designed D latch. The cross-
coupled NMOS pair (M1, M2) is used as a positive feedback to
hold the output signals in the holding mode. The input NMOS
pair (M3, M4) is implemented to sample the input signals in
the sampling mode. The pair of PMOS transistors (M6, M7) is
implemented to the dynamic loading and an NMOS transistor
(M5) is used as a switch in order to expand the bandwidth.

The operating principle of the design is based on the dy-
namic sampling and alternating operations of the D latches. In
the sampling mode, the PMOS loading transistors are operated
in a linear region and the switching transistor (M5) turns on.
The turn-on resistance of the load is very small, thus achiev-
ing a small RC time constant at the output node. Then, the
charge up or charge down current is very large. Such a small
RC time constant and large current make the NMOS pair (M3,
M4) sample the D input and charge-discharge the output nodes
at the maximum speed. In the holding mode, the PMOS load-
ing transistor and switching transistors (M5) are turned off and
achieve a large RC output time constant in the output node.
At the same time, the charge-discharge down current is very
small. Such a large RC time constant and small current make
the cross-coupled NMOS pair (M1, M2) hold the output state
of the D latch at the maximum time. Thus, the dynamic load
technique and switching transistor greatly increases the range
of the frequency divider’s operating frequency.

3. Bandwidth analysis

The operating frequency of the designed frequency divider
is determined by the sampling and holding time. To predict the
operating frequency, simplified schematics of the two modes
are shown in Fig. 2, respectively.
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Fig. 2. Simplified schematic of the D latch. (a) In sampling mode. (b) In holdling mode.

Figure 2(a) shows a simplified schematic of the D latch in
sampling mode. The speed of sampling is limited by the RC
time constant and the charge-discharge current. If CLK is at
the low level, the D latch is in sampling state. It is supposed
that at the beginning, D and Q ports are at the high level, then
D and Q ports are at the low level. Thus, M3 is turned on, and
M4 is turned off. The charge-down time constant (z,5) is given

by

7o ~ (Copme + Casmz + Copmz + Crg)
X [ron6||(ron3 +ron5)||RL6]v (1)

and the charge-up time constant (z4q) is given by

750 ~ (Copm7 + Casmi + Crq) (Fon7llron2l|RLo) . (2)

where r,, 1S the on-resistance of M2, r3 1S the on-resistance
of M3, rons 1s the on-resistance of M5, r,6 1s the on-resistance
0f M6 and roy7 is the on-resistance of M7; L i and Ry q include
parasitic and load resistance; Cgo and Crq include load and
parasitic capacitance.

According to the characteristics of the RC charge-up or
charge-down circuit, the rise and fall times are determined by
the time constant and charge-up or charge-down current. In the
sampling mode, the current charge-up is supplied by M6 or M7,
which are approximately equal; at the same time, the current of
the charge-down is equal to iy;s — inpg OF ips — im7. The two
time constants and the current are different, so the rise and the
fall time are not equal. Finally, the sampling time is determined
by the maximum of the rise time and fall time.

Figure 2(b) shows the schematic and equivalent circuit of
the D latch in holding mode. The holding time is limited by the
RC time constant and the leakage current. When CLK is at the
high level, the D latch is in holding mode. It is supposed that at
first time D and Q ports are at the high level, D and Q ports are
at the low level. At the holding mode, the time constant (7,5)
is given by

Thg ~ (Capme + Copmi + Casmz + Copmz + Crg) Rig, (3)

and the time constant (1) is given by

mQ ~ (Cgpm7 + Copmi + Casmi + Cepmez + Cro) Rig. (4)

At the holding mode, the current only contains the small
leakage current, it does not vary with the level of D and the
time constant of the two ports is same, so the holding current
is determined by the technology.

Compared to the divider which was designed by Razavi
in Ref. [3], the holding time of the novel frequency divider is
larger while sharing the same sampling time at the same con-
dition. So the designed divider has a wider bandwidth.

4. Phase noise analysis

In Fig. 1(a), the jitter at the output of this divider is not af-
fected by the noise of the first latch, since the output signals
is not controlled by the latch. Thus, only the noise sources of
the second latch need to be considered in the output jitter as-
sessment. The time jitter can be computed from the variance of

065005-2



J. Semicond. 2010, 31(6)

Lei Xuemei et al.

Vdd
T
%%7—4%7
CLK
[ =
N e—

mi |H |—|M2

It
%——{ E/B

()

vdd
T
S E
: Y
RLGE f Vdd M5 J%_ronl :l: CLQJ%_ RLQ
i CLK
(b)

Fig. 3. (a) Schematic of the designed D latch. (b) Simplified schematic of the same circuit with a noise source.

output voltage V2 as in Ref. [4]:

172
o2 = i (5)

where S| is the slope of the output voltage at the zero crossings.
The period jitter (6%,,) is computed as

o}, =02, + L, ©

According to the expression ¢ = 27 fouto, the phase of
the output signal is sampled at fo, = 1/T,y and it is pro-
portional to the switching instant. The sampling process folds
back any noise component at frequency higher than f;,/2 and
the phase spectrum is defined in the Nyquist band 0— f,/2.
Then, the time jitter can be written in terms of the integral of the
single-sided power spectral density (PSD) of the phase within
the Nyquist band[®!:

2 1 foul/2 S d 7
=m0 S )

For proper operation of the divider, the D signals of the
second latch have already switched completely before the CLK
signal starts to switch. Therefore, M3 is off and M4 is in the
triode region. The same happens to the transistors M1 and M2.
Thus, the circuit in Fig. 3(a) can be further simplified as shown
in Fig. 3(b).

From the schematic in Fig. 3(b), we can simply estimate
the time delay between the input clock switching and the zero-
crossing instant of the output signals Q and Q. Both of the tran-
sient signals Q and Q have an approximately exponential wave-
form with the different time constant (Ryq||ron7||7on2) CLo and
(RL6||ron5||ron6) Ci - The noise sources affecting the output
zero crossing are also represented in Fig. 3(b). Therefore, the
noise sources are a pair of PMOS transistors (M6, M7) and
NMOS switching transistor (M5).

4.1. White phase noise

For white noise, Sy (f) = W is constant and Equation (6)
gives the link between the jitter and the phase spectrum. The
single-side-band-to-carrier ratio (SSCR or L) is

w

lw = 7 = 47t2f0ut0t%,t0tal- (8)

The linear dependence of /y, on the output frequency is in
accordance with the model designed by Kroupal*-©l.

4.1.1. Dynamic load transistors

In practice, the level of the CLK signal is low and the tran-
sistors of M6 and M7 work in the linear region when the CLK
signal starts to switch. So the output noise currents of M6 and
M7 are

i% = 4Kk T [@y (gmo|viae=0)] - BW
1

(RL6| |7one| |r0n5) CL6 ’
©)

We
=kT |:Ol)/anCoxL—6 (Vass — VTH)i|
6

1% = 4kT [ay (gm7|ves =0)] - BW

1% 1
=kT [ayunCOXL—7 (Vas? — VTH)]
7

(LLQ”rorﬁ“ronZ) CLQ,
(10)

where y and « are the noise factor and the constant relating
to technology, respectively. Their current noise is alternatively
injected into nodes Q and Q. From the schematic in Fig. 3(b),
the variance voltage of Q port and Q port are

2t
27

VQZ(I)=(RLQ||ron7||ron2) i2e (RLQ\lronﬂHer)CLQ, (11)
_ 2t

~ 24 _ _

V62(t) _ (RL§||Von5||ron6) zfﬁe (RLQHroneronﬁ)cLQ_ (12)

Without considering the noise effect, we assume that Q is at
low level and Q is at high level. The transient voltages of Q
and Q are

1% ——
Volt) = 722 (Rigl o) (1 e (Rwurmw)qq)
on
+ Vo (0-), (13)
Vop  Vop
Vo) = - Ri5 n n
Q() (ronﬁ ronS)( LQ“rOSHrO 6)

-
x e (Rugllronslirons)Crg 4 Vo). (14

Thus, at the zero crossings, the slopes of Q port voltage and Q
port voltage are equal to

Vbp

S = (15)

CLQron7
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Taking Eq. (5) into account, at the moment of # = 0, the jitter
due to the dynamic load transistor noise can be written as:

24
2 Wolrwlie)’
20=
’ (Swo)®
CroTon7 > 22
=( Q ) (Ruollrantllrend) 3%, (17)
Vbp
R 2’.‘2
2 _( L6||ron6||ron5) Lo
O—to,a - S - 2
(Sig)

. ( CLéronéronS
Vo (Fons — Tons)
The two random processes described by Egs. (8) and (9) are

uncorrelated, so Equations (16) and (17) are uncorrelated. We
can get

2
2+
) (Rigllrons|rons)” ide- (18)

Gto total — O-t() Q + Uto Q (19)
4.1.2. Switching transistors

MS5 works in the linear region when the CLK signal starts
to switch. Thus, the output noise current of M5 is

05 = 4kT [0y (8ms|vys =0)] - BW

1
(RL6| |ron6| |ron5) CLG ’
(20)
The current noise is injected into node 6 So the variance volt-
age across Q port is

=kT [ay,un ox (VGss VTH)i|

21
(1€L§\Irun5 I |ron6)CL6

2

0. So the switching transistor

A 22
VGZ(I) = (RL6||ron5||r0n6) l()25 (1 —¢€

At the moment of £ =0, 1762 0)=
noise has no effect on the port Q.
4.1.3. Total white phase noise

The total jitter is obtained from the three noise contribu-
tions of Egs. (17) and (18). The correspondent phase noise level
follows from Egs. (8) and (19), and it is

,CL
ltotal w = 27T0!)/Mn ox (VG86 - VTH) 0 T2 LQ
VDD
Tons
X RLQ||r0n7||r0n2 + (RL6||ron6||ron5) - fout~
Ton6 — Fons

(22)

Notes: Vgss = Vas7, Fons & Ton7s CLQ ~ CLQ and RLQ ~ RL@'
4.2. Flicker phase noise

Because of the sampling effect, the flicker noise is con-
venient to analyze in the frequency domain. The output volt-
age noise at frequency (kfow £ fm) (With K =0, 1, ... and

fm < fout/2) can be represented as a signal with amplitude
Vi and random phase. Because of sampling, this voltage sig-
nal causes a phase variance ¢, at fp,, it can be calculated as

Vin
¢ = 27Tf0utS_ (23)
L
Hence, the phase noise spectrum can be written as
272 f2
ew _ S 20 tSfolded(fm) (24)

where SPldd( £ ) is the PSD of the output voltage noise folded
in the Nyquist band from 0 to fo,/2.

If the corner frequency of the voltage spectrum is lower
than f,./2, the flicker component undergoes no folding and
Siolded( £ ) in Eq. (24) can be substituted by the unfolded spec-
trum Sy ( fm). As a result, the phase noise in the flicker region
is proportional to the square of the output frequency fou. This
dependence has been experimentally verified in Ref. [6].

Once the PSD of the output voltage Sv( fi,) has been ex-
pressed in the terms of the noise source, Equation (24) can be
used to estimate the phase noise of a frequency divider in the
flicker region.

4.2.1. Dynamic load transistors

In practice, the level of the CLK signal is low and the tran-
sistors begin to work on the triode region when the CLK signal
starts to switch. So the output noise currents of M6 and M7
respectively are

22 Kt (gm6|vas =0)” BW

o6.f W6L6C0x f
 KiWeCox [kTaypin (Vass — Vin))?
= %
1 1
X — 25)

I 4 (Rigllrons|rons) Crg’

v _ Ki(@mlvg =0)® BW

W7 L7Cox f
_ KWy Cox [kTaryitn (Vos7 — Vin)®
13
1 1

X — , (26)
S 4 (ReollronlIron2) Cro

where Ky is a constant relating to the technology.

In the frequency domain, the transfer function between the
flicker noise current spectrum and the output noise voltage
spectrum is
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Fig. 4. Chip photograph of the designed frequency divider.
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In order to simplify the analysis, we assume the corner fre-

quency of the voltage spectrum is lower than f,,/2. Thus, the
phase noise can be written as

7% f2, KiCox Wy [kTayun (Vasr — Vin))?

Lor (f) =

2 Sig L3
1 1
X —
f (RLQ| |r0n7| |r0n2) CLQ
1
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4w f2C2 + (w5 + 7 + )
(29)
lsr(f) = ﬁi KCox We [k Tty pun (Vise — VTH)]2
e 2 Sig L2
1 1
X _
J (Rigllrons||rons) Crg
1
X .
2 £202 1,1 1
4m2 f2C2 + ( Rt rm)

(30)

NN NT NN NN
e L

L Ry L B TS\

[me® S28my 40.0nsidiy 625GSis 160psipt

B85 acas RL25k
Auto July 22,2008

..... e win
T e O
2emws gz oo,

()

Fig. 5. Measured output voltage of single port (a) with 1.2-V-peak
input signal at 10 GHz and (b) with 1.2-V-peak input signal at 50 MHz.
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Fig. 6. Measurement of the sensitivity of the designed frequency di-
vider.

4.2.2. Total flicker phase noise

The flicker noise of M5 has no effect on port (Q) due to the
analysis in 4.1.2. According to Egs. (6) and (7), the total flicker
phase noise spectrum can be written as:

biotar, v (f) = Lo.r (f) + Lg p (). @31

5. Measurement results analysis

The divide-by-two dividers have been implemented in the
90-nm CMOS process of IBM. The chip photograph is shown
in Fig. 4. The chip area is 360 x 380 um? including the test cir-
cuits. The output waveforms are plotted in Fig. 5 for 10 GHz
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Fig. 7. Measured phase noise of single output port (a) with 1.2-V-peak input signal at 10 GHz and (b) 1.2-V-peak input signal at 10 GHz.

Table 1. Phase noise of single port output signal with input signal at 10 GHz.

Frequency offset PNy, (dBc/Hz)

PNiy + PNy, (dBc/Hz)

PNgy + PNic + PNy, (dBc/Hz)  PNgg + PNy (dBc/Hz)

100 kHz —110.83 —112.45 —123.90 —139.83
1 MHz —115.04 —128.56 -123.24 -159.83
10 MHz ~115.48 ~154.19 ~123.48 ~179.83
Table 2. Comparison with published results.
Technology Operating frequency Phase noise @ 1 MHz Power consumption FOM
range (GHz) (dBc/Hz) (mW) (dB)
90 nm CMOS SOI, Ref. [8] 13-34 -127 60 115
90 nm CMOS SOI, Ref. [9] 5-66 -102 51 89
90 nm CMOS, Ref. [1] 2-35.5 —124.6 28.8 109.2
90 nm CMOS SOI, Ref. [10]  65-81 ~112.6 2.75 87
90 nm CMOS, this work 0.05-11 ~159.8 9.12 139.4
and 50 MHz input sinusoid signals with 1.2-V peak. The mea- 60
sured minimum input sensitivity Vp_p versus the input fre- = Frequency divivder phase noise
quency of the frequency divider is plotted in Fig. 6. Above - -804 < 8&&5:%?&31;1?;520&?%
the minimum input voltage reliable operation is guaranteed. T 100
The minimum input voltage of the frequency dividers is less 2
than 1.2 V in the frequency range of 0.05-10 GHz. The 1.2- Tm; -120
V-peak input signal at the maximum operating frequency and g 140
minimum operating frequency are needed for the frequency di- &
vider. The measured power dissipation changes from 6.48 to B _160
9.12 mW with the input signal frequency from 50 MHz to 10 180

GHz.

The phase noise of the output signal and input signal is
measured by means of a spectrum analyzer. The measured re-
sults are shown in Fig. 7. From Fig. 7(a), we can see that the
phase noise does not always decrease with increasing offset
frequency. The results of measuring include the phase noise of
the input signal (PNj,), the phase noise of the sampling effect
(PN;p), the phase noise of the measuring instrument (PNy;), the
phase noise of test circuits of the designed frequency divider
(PN¢.) and the phase noise of the designed frequency divider
(PNgg). Among them, PNy, PN;, and PN, strictly increase with
increasing operating frequency, the effect of PN, increases
with decreasing operating frequency, and PN,;; is constant. The
relationship between them is

PNiotal = PNgg + PNj, + PNsp + PNy + PNg. (32)

10? 103 10* 103 106 107 10%
Frequency (Hz)

Fig. 8. Measured phase noise with 1.2-V-peak input signal at 10 GHz.

In practice, we cannot isolate PNy, from PNy, thus, the re-
sult of the analysis contains PN, and PNgy. On further analy-
sis of the measured results of phase noise, the measured phase
noise floor is equal to the sum of the essential phase noise floor
replication. The essential floor phase noise is white noise and
uncorrelated with frequency offset according to the analysis of
part 4. Based on the analysis of Ref. [7], we can estimate the
phase noise floor. From Fig. 7(a) and Egs. (29)—(31), we can
see the slope of the phase noise is approximately —20 dBc/dec
and the frequency corner is nearby 10 MHz. Thus, we get Fig. 8
and Table 1. From Fig. 8, we can see the output signal phase
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noise is 4.6 dB less than the clk signal phase noise at 100 Hz
offset. The more the frequency offset increases, the larger the
phase noise of the sampling effect is. Thus, the phase noise of
the output signal begins to be larger than the phase noise of the
CLK signal at 1| MHz offset nearby and the output signal phase
noise reaches the floor phase noise at 1 MHz offset.

6. Conclusion

A modified frequency divider architecture employing a
novel D latch is designed and realized. The D latch requires
only a single clock signal and uses a switch transistor with dy-
namic loading to increase the bandwidth at low supply volt-
age. The frequency divider prototype achieves an operating fre-
quency range of 50 MHz to 10 GHz at 1.2 V supply voltage
using the IBM 90-nm CMOS process. The frequency divider
consumes only a power of 9.12 mW. The phase noise of the
frequency divider is —159.83 dBc/Hz at 1 MHz offset from the
5 GHz carrier. A useful analytical expression to accurately pre-
dict the bandwidth and phase noise is presented and validated
by measurement. The design presents a viable solution to re-
alize the high spectrum purity and wideband divider with low
supply voltage. This technique is still not realized with the ex-
isting divider design. Compared with other recently published
results using the 90-nm CMOS process, the designed frequency
divider shows the best FOMI*, as shown in Table 2. The pre-
sented frequency divider is particularly suited for ultra wide-
band, low phase noise and low power applications.
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