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A 104- to 112.8-GHz CMOS Injection-Locked
Frequency Divider

I-Ting Lee, Kun-Hung Tsai, and Shen-luan Liu, Senior Member, IEEE

Abstract—A high-frequency CMOS injection-locked frequency
divider (ILFD) is presented by using the distributed LC, series
inductor peaking, and multiple-injection techniques. The theoret-
ical analysis for the aforementioned techniques will be given. This
ILFD has been fabricated in a 65-nm CMOS process. The core
area is 0.4 mm  0.36 mm without pads. The measured locking
range is from 104 to 112.8 GHz, and its power consumption is
7.2 mW from a supply of 1.2 V.

Index Terms—Distributed LC,
divider, series inductor peaking.

injection-locked frequency

|. INTRODUCTION

WING TO the emerging nanoscale CMOS technology,

the broadband data transceivers could be realized to
satisfy the requirements of various consumer applications. In-
evitably, to meet this broadband demand, the wireless radio
front-end circuits have to operate at increasingly higher fre-
quencies such as 60 GHz, 100 GHz, or more [1], [2]. The
phase-locked loop (PLL) is widely adopted in various wireless
transceivers to serve as a local oscillator or channel selector.
To realize a very high speed PLL, the voltage-controlled oscil-
lator (VCO) and the frequency divider are two of the critical
components.

The static divider, the Miller divider, and the injection-locked
frequency divider (ILFD) [3] [11] are widely used in various
PLLs. The static divider has a wide frequency operation range,
but it may not be suitable for very high frequency operation.
Since the VCO has the highest operation frequency in a PLL,
the rst divider following the VCO must have the wide locking
range, high operation frequency, and low power consump-
tion. In this brief, a high-frequency wide-locking-range CMOS
ILFD is presented by using the distributed LC, series inductor
peaking, and multiple-injection techniques. The distributed LC
and series inductor peaking techniques are used to enhance
the operation frequency of the proposed ILFD. The multiple-
injection technique and the negative resistor are adopted to
enhance the locking range of the ILFD. The theoretical analysis
for the aforementioned techniques will be given.
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Fig. 1. (a) Conventional ILFD. (b) Distributed LC ILFD.
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Fig. 2. Simpli ed ILFD to enhance the oscillator frequency.

Il. CIRCUIT DESCRIPTION

Fig. 1(a) shows a conventional LC-tank ILFD [5], and its
oscillation frequency is given as

1
=_—_. 1
0 e 1)
To extend the oscillation frequency, Fig. 1(b) shows the distrib-
uted LC ILFD [6], [7]. In Fig. 1(b) [7], assuming L; = L, =
L/2 and C; = C, = C/2, the calculated oscillation frequency

IS odistributed = 2(3  5)/(LC).

Here, a simpli ed ILFD in Fig. 2 is presented to further
extend the oscillation frequency, where the distributed LC and
series inductor peaking techniques are adopted. The inductors
L3 are used to separate the parasitic capacitances between the
output buffers and the injection transistor M.
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Fig. 3. Equivalent half-circuit of Fig. 2.

The equivalent half-circuit of Fig. 2 is shown in Fig. 3,
where the parasitic capacitance at node e is neglected. The
impedance in Fig. 3 is calculated in (2), shown at the bottom
of the page. To compare with the conventional LC-tank ILFD
in Fig. 1(a), assume that the inductors are L; =L, = L3 =
L/3, C1+C, =C, C, =KC4, and K is a constant in this
simpli ed ILFD.

From (2), the zero and poles are calculated as

o K+t 0°
= e ®
(K+1 KZ K+1) k2 *°
pl1 — LC (4a)
(K+1+ KZ K+1) K2 °°
p2 = = (4b)
For K 1, the following inequality is obtained: p1 < , <

p2. It is possible to achieve a higher oscillation frequency if
K 1lissatis ed. Suppose L; = L, = Lz = 1/3 (in henries),
C; = 1/4 (in farads), C, = 3/4 (in farads), and the quality
factor of the inductors is equal to 15, the simulation results for
the magnitude and phase response of (2) are given in Figs. 4
and 5, respectively, with the frequency normalized by , in
(1). To satisfy the oscillation conditions, the gain is larger
than unity, and the total phase shift is 360 . For the simpli ed
ILFD in Fig. 2, the inductors L; = L, = Lz = L/3 and the
capacitors C; = C/4 and C, = 3C/4 are chosen. From (2)
and Figs. 4 and 5, the calculated oscillation frequency of this
simpli ed ILFD is

2 12+3 7 1
osc — 3 . e
Thus, compared with Fig. 1(a) and (b), the oscillation frequency
is enhanced.

According to the analysis in [8], the current I, of the
injection transistor Mj in Fig. 2 is decomposed into the in-
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Fig. 4. Magnitude response of (2) for the ILFD in Fig. 2.
100
80 | \
© 60
2
o 40
T
= 20}
3
= Of
N
% -20}
& -a0f u
P
o -60fF
-80 F
-100 1 1 1 1 1 1
0 1 2 3 4 5 6 7
Normalized Frequency ((/®)
Fig. 5. Phase response of (2) for the ILFD in Fig. 2.

phase and quadrature-phase components as
lin = lia( )cos( t+ 1) +1qa( )sin( t+ 4). (6)

Let the drain and source voltages V. and V , respectively, of
the injection transistor M; be de ned as

Ve=vycos( t+ 1) V = wvgcos( t+ 1). (7)
According to [8], the highest injection frequency is obtained by
modeling the injection transistor M as a resistor in parallel
with an equivalent inductor of Leqr = 2v1/[ lq1( 1)]. The
equivalent half-circuit of Fig. 2 at resonance is shown in Fig. 6.

The impedance is calculated as

S _N©)
in,Fig.6 — N7\
D(s)
— 3 1 2 1 3
2 2
+5 §|_|_eq1+§|_2

Zin =

SSC2(L1L2 + LoLs + L1L3) + S(L]_ + Lz)

s*CyC1(Lily + Lols + Lil3) +s?(L1iCo + L3Co + L1Cy + LpCy) + 1

)
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Equivalent half-circuit of Fig. 2 at resonance.
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Fig. 7. ILFD with multiple-injection transistors.
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Let the maximum value of Iq1( 1)/(2v1) be denoted by
Oq.m,, Which is the equivalent quadrature conductance of
the injection transistor Mi. Assuming Leqr  (2/3)L, the
maximum injection frequency can be calculated as the os-
cillating frequency max = osc + 89q,m,7(9C). Similarly,
the lowest injection frequency is obtained as min = osc
80q,m.7/(9C) by symmetry. Therefore, the locking range is
given as

32
min) = 2o, ©

To extend the locking range of an ILFD, the multiple-
injection transistors are adopted, as shown in Fig. 7, where two
injection transistors M, and M3 are added. The locking range
of Fig. 7 can be derived as

in = 2( max

329q,M1 8gq,M2 89q,M3
in) = —+ +

min) 9C 3C C

(10)

where gqm, = lg2( 2)/(2v2) and ggq,ms = lq,3( 3)/(2v3)
are the equivalent quadrature conductances of the injection

in = 2( max
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Fig. 8. Proposed ILFD.
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Fig. 9. Equivalent half-circuit with the inductor L2, the injection transistor
M3, and the negative resistor R.

of

transistors M, and Mg, respectively. To compare (9) with (10),
the locking range is extended by adding the multiple-injection
transistors M, and Ms.

To maximize the locking range of an ILFD, the transconduc-
tance of the injection transistor should be enhanced at a high
frequency [6]. To enhance the transconductance of M, and M3,
the magnitude of the drain-to-source voltage can be enlarged
by adopting a negative resistor; i.e., M4 and Ms. The proposed
ILFD is shown in Fig. 8 by combing the aforementioned two
techniques.

In Fig. 8, M4 and Ms realize the negative resistor to enlarge
the magnitude of the drain-to-source voltage of M, and M.
To simply the analysis, an equivalent circuit for the inductor
L., the injection transistor M3, and the negative resistor R is
shown in Fig. 9. The transfer function of Fig. 9 is given as

Va 1
= 11
V. = (1)

2 2
(I 272G+ L2 m50 +®

where C; is the total equivalent capacitance between the source
and the drain of M3 (nodes aand b in Fig. 7), and Rqs m3 iS the
drain-to-source resistance of Ms. Itis obvious that, if Rgs m3 =
R, the magnitude of the voltage Va will be enlarged. It is
equivalent to enhancing the transconductance of the injection
transistor Ms; thus, the locking range of the ILFD can also
be enhanced. The same technique is also true for the injection
transistor M.
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Fig. 10. Microphotograph of the ILFD.
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Fig. 11. Measured input sensitivity.
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Fig. 12. Measured output waveform with the input frequency of 108.4 GHz.
For M4 and M5, the equivalent negative resistance is ex-

pressed as R = gma,5/(C1Co 2), where C; =C/4, C, =
3C/4, and gma s is the tranconductance of M4 and Ms. With
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Fig. 13. Measured jitter with the input frequency of 108.4 GHz.

Fig. 14. Measured output spectrum with the input frequency of 104 GHz.

Fig. 15. Measured output spectrum with the input frequency of 112.8 GHz.

the oscillation frequency osc = (2 12+3 7/3)+(1/ LC)
and Rgs,m3 = R, the size of M, and M3 is calculated as

V_V = 3c? gsc
L wvoms 16 nCoxOmas(Ves  VTHIMo M,

(12)






