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ABSTRACT: A dual-modulus of 2/3 injection-locked frequency divider
with wide locking ranges is presented in this work. It uses an active
inductor as the resonance loop, and a tunable active-resistance is
introduced to control the operation point and reinforce the injection
efficiency. Simulations and measurements show that the proposed design
can realize large locking ranges without any extra tuning, and cost low
power consumption and small area. The divider was fabricated under the
Chartered 0.35 um CMOS technology, and the chip area is about 544
un’. Measurements show that it has locking ranges from 1.5 to 2.05 GHz
and 1.74 to 1.95 GHz at 0 dBm input power for divide-by-2 and -3,
respectively, and the power consumed is only about 1.49 mW. © 2012
Wiley Periodicals, Inc. Microwave Opt Technol Lett 55:269-272, 2012;
View this article online at wileyonlinelibrary.com. DOI 10.1002/mop.27290

Key words: injection-locked frequency divider; dual-modulus division;
large locking range; tunable active-resistance, tunable active inductance

1. INTRODUCTION

In recent years, lots of demand for the high-speed data transfer-
ring with the compact implementation have stimulated commu-
nication systems to increase their working speed and enlarge the
bandwidth [1, 2]. In high-speed communication systems, such as
phase-locked loops, high-speed frequency dividers play a critical
role in determining the final performance [3-5].

Commonly used dividers are based on the current mode logic
structure. When the frequency increases, they cost more power,
and the highest operating frequency is limited. As an alternative,
injection-locked frequency dividers (ILFDs) have lower power
dissipation and higher operating speed. However, it is relatively
hard for ILFDs to realize multimodulus division.

To solve above problem, ring oscillators are adopted, because
they are tunable by changing the number of cascades. LC/RC
differential oscillators are also used for multi even or odd ratios.
However, intrinsic characteristics of above types, such as low
speed of ring oscillators and difficulty of integration for LC
ones, limit their applications [6]. In addition, most works mainly
focus on multimodulus divisions, the ILFDs can only work
under discrete frequency bands for different ratios, and their
locking range is often narrow.

In this article, a direct inject ILFD based on a differential
active inductance oscillator is proposed. By switching an active
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tunable resistance (TAR) fixed at the common source of differ-
ential pairs, the operation point of the active inductor is
changed, and division ratios of 2 and 3 can be realized for a sin-
gle frequency region. The locking range of divide-by-3 is also
extended by harmonic reinforcement of the TAR.

2. THEORETICAL ANALYSIS
The basic ILFD based on the cross-coupled LC resonator is
shown in Figure 1(a). To obtain more specific instructions, a
mathematic model for above structure is illustrated in Figure 1(b).
The model indicates that after filtering and conversion of the
core circuit, there is a mixing behavior between input and output
signals, which help to realize frequency dividing. M is division
ratio that is an integer and larger than 1. A represents the nonli-
nearity of the core circuit, and it can be approximated as,

A(X) = ap + arx + ax® + ... (1

Then,

u=p +A(foul) = B(ﬁn X A(fout)) +A(foul)
(2)(2) = B(fin x A(fou)) + a0 + a1 (four) + aZ(fout)z +.. (2

where B is the conversion gain. Substitute all parameters in Eq.
(2), and we have,

u = B{Ficos(Mw,t) x
[ao + a1 Focos(wot + 0,) + az(Focos(wot + 00))2 + ] }

+ {ao + a1Foc08(mof + 0,) + az(Focos(wot + 0,)) + } (3)

In Eq. (3), the first item on the right-hand side is the mixing
component, and only the component of , from the product is
effective. That is, in the first square bracket, the components of
M - 1), M + 1), (M + 3), and so on should be taken into
account. As coefficients of higher terms are small, terms larger
than (M + 3) are ignored. Similarly, only the fundamental com-
ponent and the third harmonic of the second item on the right-
hand side are considered, which stands for the contribution of the
output itself to the oscillation. Rearrange Eq. (3) as the follows,

Uerr = B{F; cos(Mw,t)x [aM,l(FO cos(wot + 0;)) !
+ ay41(Fo cos(wot + 90))M+1] }

+ [anFo coseor + 0,) + as(Facos(ot + 0.))]  (4)

o=l oc08(wo+ bl
v X JuFieos(Mard) inirae it
ey P S\
M2 Y
M3 —< A
Only @, passes
Vin2o | 'M1

(@ (b)

Figure 1 (a) Conventional structure of ILFD based on cross-coupled
LC resonator. (b) An ILFD model
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where uqg is composite signal only with effective components.
We get the final result as Eq. (5),

ay—1F\FY !
Uefr = B{MZI% cos|mot — (M — 1)0,]+

F‘FM+1
% cos[mot — (M — 1)0,]+
a FFM+1
M+21M+1 cos|wot + (M + 1)90]} (5)

1
+ {alFo cos(wot + 0,) + Z@Fi cos(wof + HO)}

=Py cos[wot — (M — 1)0,] + P, cos[wot + (M + 1)0,)
+ P53 cos(wot + 0,)

where
p 7B . aM_lFiFg”’l B- aM+1F1Fg/I+
1= M1 oM
P _ B-ay FiFM!
2= oM+1

1
P3 = a1F0 +ZQ3F(3)

According to Barkhausen phase criterion and LCR tank’s

impedance formula, the loop phase shifting can be expressed
as (6).

R ?—o?
Zueff + tanil (E . rT) = 90 (6)

where o, is the resonant frequency of LCR tank, and

tan([ueff) =
—Pysin[(M — 1)0,] + Posin[(M + 1)0,] + P3sin(0,) -

Pycos[(M — 1)0,) + Pycos[(M + 1)0,] + P3cos(0,)
R o?— o’
Q)L rT tan(()o = Zueff)

_sin(0,)cos(Zuefr) — cos(0o )sin( Luefr)
 cos(0,)cos( Zuest) + sin(6,)
in(0,) — cos(0,)tan(/ues)
cos( o) + sin(0, )tan(/utegr)

(M

sin( /uefr)

%3
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Figure 3 (a) Small signal model of TAIL (b) Equivalent RLC tank
of TAI

Simplify Eq. (7), we get,

200R | Pisin(M0,) — P,sin(M0,)

8
wLo;, } 1cos(M0,) 4+ Pycos(M0,) + Ps ®)

Considering the small injection condition, Py, P, << P3, we
can use M0, = J to determine the locking range, w, as

ZCULRg Pl—Pz (9)
wLw, P3
o — Py —Py| o
P 20
_BFi-(day1Fy ' +ay Py o (10
M+ gy + LasF2) 20
— wr

It should be noted that injection efficiency 7 is proportional
to mixing harmonics’ coefficients, ay, _ 1, @y . 1, and the con-
vention gain. For divide-by-2, the fundamental and the third har-
monic contribute more to the injection efficiency. That is, the
wide locking range is anticipated by reinforcing these two fre-
quency components. In the same way, the locking range of
divide-by-3 can be extended by reinforcing the second and
fourth harmonics.

3. CIRCUIT DESIGN

In Figure 1, transistors M1 and M2 can be chosen as injection
points. However, such structure is adverse to the realization of
divide-by-3 with the wide locking range [6]. Our design shown
in Figure 2 solves the problem.

3.1. Tunable Active Inductance

According to Eq. (10), the quality factor should be lowered to
widen the locking range. For this reason, a tunable active in-
ductance (TAI) is introduced in the proposed ILFD. The small

VA e Y
A é\, .

Figure 4 Operation of injection MOSFETSs
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Figure 5 Simulation results of harmonic reinforcement

signal model of the TAI is shown in Figure 3(a). Figure3(b) is
its RLC counterpart.

C
= = (11)
8ds11(28mo — gast1 + gm7)
_ —8m5 +gdsll (]2)
8ds11(28ms — gast1 + gm3)
8p = 8ds1 (13)
Cgs = Cgs7/8||cgs9/10 (14)

where C,q is capacitance between the gate and the source region
of a MOSFET, g, is the transconductance, and gy, is the con-
ductance between the drain and the source region.

As shown in Egs. (11) and (12), the equivalent inductance
and resistance of the TAI are determined by the transconductan-
ces of MOSFETs. Therefore, a suitable quality factor can be
obtained by choosing reasonable transconductances to realize
the wide locking range.

3.2. Harmonic Reinforcement of Divide-by-3

As analyzed in Section 2, the second harmonic should be
reinforced to extend the locking range of divide-by-3. Injection
transistors can be treated as switches. Their working status is

32T —a—Divide-by-3 without TAR| ]
J|| @ Divideby3with TAR |
-e - Divide-by-2
28f i R a

0
=

N
&)

Frequency (GHz)

18F

BT — 8 7 ¢ e = 3
Input Power (dBm)

Figure 6 Simulation results of locking ranges
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Figure 7 Spectrum measurement of the free-running mode and
divide-by-2 with the input frequency of 1.537 GHz. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

shown in Figure 4. Where V., represents the common mode
signal in the common source point, and its frequency is twice as
large as that of the fundamental.

Input signal has three times the frequency of the fundamen-
tal. The injection transistors conduct only in the overlapped
shadow. According to saturation formula, the mixing product is,

product =

2 15
= {V1 Veosin(2m, + 0)}* - B + square(3coo)] ()

where ¢ is the initial phase shifting. V; and V., are the ampli-
tudes of the input and common mode signal, respectively.

A simple expression for the amplitude of w, component is
given as,

v
Aprodwo = 2_:_([) [

V2 + 16V} — 8ViV,sin(30)] (16)
The product will increase with the enlargement of the even
harmonics of the common mode to a certain extent no matter
what ¢ is. Thus, the locking range of divide-by-3 is increased.
The tunable active resistance (TAR) as shown in Figure 2 is
used to switch the division ratio, control the frequency, and
enhance the even harmonics for the divide-by-3 mode. When
the control signal Vi is “off”” (the detailed value is determined

B. 1.74-1.95GH@0dBm

A
»é\ 0 Tt -1 -
=] /
?-10 /”‘ //
z
£ ol A 15t /
£ 2]05GHz
g @0dBm
§-30
A. Divide-by-2
-40 B. Divide-by-3 [

|
.5 1.6 1.7 1.8 19 2.0 2.1
Locking Range (GHz)

Figure 8 Measurement of locking range
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TABLE 1 Performance Comparison of Two-Modulus ILFDs

Processing Pi, VDD Piss Locking Locking Division Tuning Area
Ref. (pum) (dBm) V) (mW) Range (=-2) (GHz) Range (+-3) (GHz) Ratio Varactor (mmz)
[3] 0.35 10 1.5 15.15 4.56-5.59 (20%) 6.9-8.4 (19%) 2or3 Y 0.6
[6] 0.18 5 1.8 12.51 3.18-4.05 (24%) 4.85-5.7 (16%) 2o0r3 Y 0.64
[7] 0.18 -0.5 1.8 3.15 3.44-5.02 (37%) 4.28-4.81 (11%) 2o0r3 Y 0.876
[8] 0.18 0 1.5 4.17 8.42-10.74 (24%) 13.66-14.96 (9%) 20r3 Y 0.35
This work 0.35 0 3.3 1.49 1.5-2.05 (31%) 1.74-1.95 (11%) 2o0r3 N 0.56

according to the results of simulations), the TAR is brought in
to enhance the even harmonics. It should be noted that, because
of existence of the TAR, the free running frequency of the di-
vider can be adjusted with the variation of the bias current. The
TAR and the TAI are combined to operate as a frequency con-
troller, and the proposed ILFD can work in a single frequency
band for different division ratios.

4. SIMULATION AND MEASUREMENT RESULTS

Simulations of the harmonic energy in the common mode point are
carried out. The results are plotted in Figure 5. It shows that the
power of the even harmonics is enlarged after the TAR is brought
into the circuit. It can help to increase the product of injection mix-
ing and then enlarge the locking range of the divide-by-3 mode.
The locking ranges of proposed ILFD are shown in Figure 6.

The design was fabricated under Chartered 0.35 ym CMOS
technology. The chip area is 0.56 mm? (544 ym2 for core cir-
cuits), and the power consumption of the proposed ILFD is 1.49
mW. Spectrum measurements of the chip were carried out by
Agilent E4443A PSA Spectrum Analyzer. The outputs of the
free-running mode and divide-by-2 with 1.537 GHz input signal
are shown in Figure 7.

The measured locking range versus input sensitivity is shown
in Figure 8. Due to process variations and parasitic effects on the
test board, the central frequency shown in Figure 8 shifts com-
pared with simulation results. The locking range of divide-by-2 at
input power of 0 dBm is from 1.5 to 2.05 GHz. The dividing
function even can be achieved at a lowest input power of —40
dBm as shown in curve A. Curve B shows the divide-by-3 opera-
tion with the TAR, a locking range from 1.74 to 1.95 GHz is
achieved. Compared with none TAR structure, which works from
2.88 to 2.98 GHz, the TAR circuit helps to adjust the free-running
frequency, realize the dual-modulus division for a single band,
and enlarge the locking range of the divide-by-3 mode.

Table 1 shows the comparison results of the proposed ILFD
with some previous reports. It can be seen that although the fre-
quency of our work is low due to the fabrication process with
large feature size, the proposed divider still exhibits a wide lock-
ing range in both divide-by-2 and -3 modes without tuning varac-
tor. In addition, with the only two statuses (on and off) for the
TAR controlling, the divider can change its free-running fre-
quency automatically, and the input signal can be in the same fre-
quency region for both 2 and 3 division ratios. It means easy con-
trol and applications for multioutput frequencies in a single band.

5. CONCLUSION

In this article, the model for ILFD has been newly explored, and
instructions for locking range enlargement were obtained. A two-
modulus of 2/3 ILFD was designed and fabricated under Chartered
0.35 um CMOS technology. Both the TAR and the TAI were
used to enlarge the locking range. The ILFD exhibits wide locking
ranges that can reach 31% for divide-by-2 and 11.4% for divide-
by-3. Single band operation is also realized. The proposed divider
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has a great advantage for the design of the first stage of low-
power radio frequency front-ends with variable output frequencies.
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ABSTRACT: This article presents a novel triband circular/elliptical

polarized single-feed circular slot antenna for wireless local area
network and worldwide interoperability for microwave access systems.
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