IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 21, NO. 10, OCTOBER 2011 559

Design of Ring-Oscillator-Based Injection-Locked
Frequency Dividers With Single-Phase Inputs

Xiang Yi, Graduate Student Member, IEEE, Chirn Chye Boon, Senior Member, IEEE,
Manh Anh Do, Senior Member, IEEE, Kiat Seng Yeo, Senior Member, IEEE, and Wei Meng Lim

Abstract—Ring-oscillator-based injection-locked frequency di-
vider has merits of compact and low power. The multi-phase injec-
tion can improve its locking range, but it needs specific multi-phase
inputs, which limits the application of this technique. We present
a symmetrical injection circuit to generate the multi-phase injec-
tion with only single-phase input. Two injection-locked frequency
dividers, with divide-by-3 and divide-by-5 operations respectively,
were fabricated in 0.18 ym CMOS technology to verify the pro-
posed design. The locking range of divide-by-3 and divide-by-5 di-
viders are 1.6 GHz and 0.9 GHz, with 0.24 and 0.7 mW power con-
sumption in 1 V supply voltage, respectively.

Index Terms—Frequency divider, injection-locked, ring oscil-
lator, multi-phase injection.

1. INTRODUCTION

in phase-locked loops (PLLs) for modern wireless com-
munication [1]. The challenges of frequency divider design are
high operation frequency, wide locking range, low power con-
sumption, and low cost. The static frequency dividers prevail in
CMOS technology, but they consume a lot of power when oper-
ating at high frequency [2]. In recent years, the injection-locked
frequency dividers (ILFDs) have attracted much attention for
their high frequency and lower power consumption [3]-[11].
Since the ILFDs are based on the injection-locked oscillators,
there are two types of ILFDs. The first one is LC-oscillator-
based ILFD, which can operate at very high frequency with low
power consumption, but its locking range is narrow and the area
is too large due to the LC tank. Secondly, the ILFD can be based
on RC ring oscillator, which has the merits of low power, large
locking range, and small area. Many literatures have been pub-
lished to study the ring-oscillator-based ILFD [3]-[5]. [4] and
[5] both demonstrated that multi-phase injection with a spe-
cific phase difference can maximize the locking range of the
ring-oscillator-based ILFD. However, the multi-phase inputs are
difficult to be obtained directly in conventional LC differen-
tial voltage-controlled oscillator (VCO). In addition, the locking
range will become worse if the phase difference of inputs de-
parts from the optimum value [4]. These defects prevent the ap-
plication of multi-phase injection technology in ILFD.

H IGH speed frequency dividers are critical building blocks
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Fig. 1. Schematics of (a) conventional single-phase and (b) multi-phase ring-
oscillator-based ILFDs.

In this letter, we propose a technique to avoid these problems.
Since the multi-phase always exists in ring oscillator inherently,
the multi-phase injection can be generated in the symmetrical
injection circuit by using single-phase input. As a result, we can
achieve the wide locking range with only single-phase input.
The analysis of proposed design will be discussed. Two circuits
adopting this technique, with division ratio of 3 and 5 respec-
tively, have been implemented in 0.18 ym CMOS technology
to demonstrate our proposed design.

II. ANALYSIS OF PROPOSED DESIGN

To explain our proposed design, let us start with the con-
ventional three-stage ring-oscillator-based ILFD, as shown in
Fig. 1. Assuming that the gain of each stage is sufficiently
large, only the phase condition of Barkhausen criteria needs to
be taken into account. Without injection, the ILFD operates at
free running frequency, and the load at each stage provides a
m/3 phase shift to satisfy the phase condition. When the ILFD
achieves the state of locking, the phase shift provided by the
load will change. Meanwhile, the frequency of ILFD will shift
to a new value, that is wi,j/3 in divide-by-3 case. An extra phase
shift must be generated by injection current to compensate the
change of the phase shift provided by the load, so as to meet the
phase condition again. For conventional single-phase injection,
as depicted in Fig. 1(a), the locking range of the ILFD is narrow
since the extra phase shift around the loop is generated by only
one injection. As for multi-phase injection, the extra phase shift
can be provided by multiple injection currents, as shown in
Fig. 1(b). The locking range of this ILFD will be widened if
the phase of the injections progress with the ring oscillator’s
intrinsic delays. However, as mentioned previously, the re-
quirement of specific multi-phase inputs makes this technique
impractical in low power application.

We analyze the proposed divide-by-3 ILFD, as shown in
Fig. 2, to demonstrate our idea. The concept of this prototype
can be applied to other ring-oscillator-based ILFDs. Each node
Vi(i = 1,2,3) is connected to every other node in the ring
oscillator through an injection transistor to form a symmet-
rical injection circuit. The gate input signals of all injection
transistors are Vi,j. Cp, ; represents the parasitic capacitance in
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Fig. 2. Schematic of proposed divide-by-3 ILFD.
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Fig. 3. Voltage and current phasors relationship of proposed divide-by-3 ILFD.

the node V;. In the qualitative analysis, the injection transistor
can be treated as a mixer. Assuming that the injection voltage
is Vinj = Vbc + Ainjcos(winjt + ¢inj), where Ve, Ainj,
and ¢i,; is the dc voltage, amplitude, and phase of injec-
tion signal respectively. The voltage at each oscillation node
V; is cos(wt + ¢;), where ¢; = (i — 1)(27/3), as shown
in Fig. 3 (upper left). So the drain-source voltage of M; is
Vas,i = V2cos(wt + @as,;), where pas; = (4 + 1)(7/6).
Note that both ¢; and ¢g4s; form the angle of 27 /3 with
different . Thus, the injection current generated by M, through
mixing can be described as

Iinj,i = Z Z mn cos(mwinjt + m(pinj)

m=0n=0

x cos(nwt + nwas,;) (1)

where a,,, 1S an intermodulation transconductance coefficient
of the mixer, and wj,; = 3w in the case of divide-by-3. Because
other harmonics will be suppressed by the intrinsic low-pass
filter in the loop of ring oscillator, we only need to consider the
fundamental current, that is, |mwinj £ nw| = w. For simplicity,
only the terms with m = 0,n = 1,and m = 1, n = 2,4, are
taken into consideration. Therefore, (1) can be expanded as

Linj ; :% cos(wt + @as.;) + % cos(wt + Vinj
2
— 2pds,i) + % cos(wt — @inj + 4@ds,i)-
For each Iiy; ; in (2), the parameters ag1, @12, @14, and @jy;

are the same, and only ¢y, ; is different. Ly 1, Linj 2, and Liyj 3
have the same amplitude and form the angle of 27 /3 with each

N |

Propose( Single-phase|]

il

1z
ITI=pI
T

Aw/ @,
5;%5

I~
ntional $inglg-phase

=

N[ i
0.01 _g ¥.54dB C

!
0.01 0.1 0.5
Iinj /Iosc

Fig. 4. Comparison of the locking range of divide-by-3 ILFDs: theory (solid
line) and simulation (symbol).

other. To simplify the qualitative analysis, we assume that the
current Jin; ; flows from drain to source. As shown in Fig. 3
(lower left), the total current injected into the node V; will be

| Ting_toti] = V3| Tin.i 3)

and the angle between each Iinj_to,; is also 2w /3. Therefore,
the phase of the total injection currents progress with the in-
trinsic phase in the ILFD. In other words, the injection can be
considered as multi-phase injection, as depicted in Fig. 3 (right).
Through the same derivations, it can be shown that multi-phase
injection cannot be achieved in divide-by-2 operation in the pro-
posed three-stage ILFD, which is confirmed through simulation.

We assume that the injection current Iiy; ; is much smaller
than the oscillation current I, ;. By using the same method in
[4], the one-sided locking range for our proposed divide-by-3
ILFD at the fundamental frequency can be derived as

2\ —3%
-(1—3 ) . 4)

Fig. 4 compares the locking range of three types of di-
vide-by-3 ILFDs. The three ILFDs were simulated in Cadence
Spectre by using the same dimension, power consumption,
and ideal injection currents. Note that the theoretical results
show good agreement with the simulation for small injection.
Compared with multi-phase injection three-stage ILFD, the
locking range of the proposed three-stage ILFD has been im-
proved by 4.77 dB (201og(1/3)). In fact, the injection current
Iiyj is heavily limited by the nonlinear function of injection
transistor, especially in high order superharmonic ILFDs. When
the division ratio becomes larger, the locking range decreases
quickly in ILFD [4], [5]. Fortunately, the number of injection
transistors in our proposed N-stage ILFD is N(N — 1)/2,
which increases rapidly with N. Therefore, even while the
division ratio is large, the injection efficiency will not degrade
severely since more currents can be injected into the ILFD.
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III. EXPERIMENTAL RESULTS

Two circuits have been designed and fabricated in GLOB-
ALFOUNDRIES 0.18 pzm CMOS technology to demonstrate
our proposed design. Figs. 2 and 5 show the schematics of di-
vide-by-3 ILFD and divide-by-5 ILFD, respectively. In both
ILFDs, the single-end delay cell is designed as a nMOS inverter
with a pMOS current-source load. A simple open-drain nMOS
inverter is used for the output buffer. Note that the bodies of all
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Fig. 5. Schematic of proposed divide-by-5 ILFD.
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Fig. 6. Measured input sensitivity of proposed ILFDs when Vpp = 1 V and
Vbe = 0.3 V.
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Fig. 7. Die photograph of proposed ILFDs.

nMOS (pMOS) transistors are connected to ground (Vpp). The
external bias voltages of pMOS load, V3, is used to tune ILFD’s
free running frequency. To realize a large modulation conduc-
tance of injection transistors, the dc voltage of injection signal,
Vbc, is set to 0.3 V as the optimize value. The supply voltage
Vpp is set to 1 V, and can be further reduced to 0.8 V.

The input sensitivity of divide-by-3 ILFD and divide-by-5
ILFD operating at 1 V supply voltage are depicted in Fig. 6.
When V;, = 0V, the locking frequency is from 5.6 to 7.2 GHz
and the power consumption is 0.24 mW for divide-by-3 ILFD.
In divide-by-5 ILFD, thanks to the 10 injection transistors, its
locking frequency is from 4.5 to 5.4 GHz and the power con-
sumption is 0.7 mW while V}, = 0 V.

Fig. 7 shows the die photograph of proposed ILFDs. The core
circuits of divide-by-3 ILFD and divide-by-5 ILFD occupy only
130 zm? and 800 pm? respectively. The performance of our
ILFDs are compared with other similar RC ILFDs in CMOS
technology, as summarized in Table 1.
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TABLE 1
COMPARISON WITH OTHER RC ILFDS IN CMOS TECHNOLOGY
Ref. Tech. | Vpp Di\_/. F&:;E;Egy +« | Power FOM™**
(um) V) Ratio (GHz) (mW) (GHz/mW)
[6] 0.18 1.0 3 2.51-3.50 0.4 8.75
[7] 0.18 1.8 3 4.85-5.7 12.51 0.46
[8] 0.18 1.8 3 8.28-11.48 12.5 0.92
0.18 1.8 3 1.2-4.9 0.74 6.62
O o118 7 1444 0.88 5
[10] 0.065 1.2 7 4.1-5.1 0.516 9.88
[11] 0.13 1.5 3 24.1-30.8 13 2.37
This | 0.18 | L0 3 56727 | 024 30
work | 0.18 1.0 5 4.5-54%% 0.7 7.71
* Without tuning.
*V =0V

*** FOM = Maximum operating frequency / Power [3].

IV. CONCLUSION

In this letter, we improve the locking range in conventional
single-phase injection ILFD by introducing symmetrical injec-
tion structure. Analysis reveals that the proposed design can re-
alize multi-phase injection with only single-phase input. Two
ILFDs, with division ratio of 3 and 5, respectively, were de-
signed and implemented to verify our analysis. Measurement
results show that our design can achieve a reasonable perfor-
mance with low power and small area.
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