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Abstract—This letter presents a fully differential injection
locked frequency divider using coupled dual LC tanks. The proposed injection locked frequency divide-by-2 divider achieves a
wide locking range with low injected power levels. The divider,
SiGe BiCMOS process achieves a locking
fabricated in 0.18
range of 3.77 GHz with an injected power as low as 16 dBm,
a phase noise of 116 dBc/Hz at 10 kHz offset with an input
referred phase noise of 109.7 dBc/Hz at 10 kHz offset at 25 GHz,
maximum output power of 2.44 dBm, efficiency of 18.5% and
the dc power consumption is 4.8 mW.
Index Terms—Coupled dual LC tanks, divide-by-2, injection
locked frequency divider (ILFD), -band, 24 GHz.

I. INTRODUCTION

F

REQUENCY dividers, following the voltage controlled
oscillator (VCO), are important building block especially
for frequency synthesizers operating in -band and beyond. In
the frequency range of -band and above, injection locked frequency divider (ILFD) is preferred for its low voltage and lower
power consumption over the common-mode logic (CML) dividers but it has a narrow locking range as compared to CML
divider. Many techniques have been proposed to improve the
locking range of ILFD [1]–[9]. Dual band ILFD is reported in
[1], [2] but the reported locking range in each band is small. Improved locking range with switched inductor and inductor based
injection enhancement is reported in [3]–[6] but chip area is increased due to additional inductors. In [7] the locking range is
extended with direct and tail current injection but has insufficient output power that is needed to drive the subsequent blocks.
In [8], [9] locking range is increased by coupling two ILFD
cores with a coupling circuit but requires more area.
In a typical low power transceiver, the input power to the
ILFD can be much less than 10 dBm due to the low output
power of VCO for power saving together with the interconnect loss. In such cases, the ability of ILFD to operate with
low injected power levels and deliver higher power efficiency
is an important requirement for integration into the

Fig. 1. Schematic of injection locked divide-by-2 divider.

transceiver. The locking range of the ILFD is given by
(1)
From (1), to achieve a wide locking range at low injection levels
, either the quality factor of the ILFD tank or the oscillator
has to be decreased which is contrary to the
core current
requirement for high power efficiency.
Therefore, in this work, the focus is on increasing the locking
range of the ILFD with low injected power levels while keeping
a low phase noise and high power efficiency simultaneously.
With the adoption of the proposed coupled dual LC tanks together with differential injection transistor pairs, the proposed
ILFD exhibits an excellent tradeoff amongst the above design
aspects simultaneously.
II. CIRCUIT DESIGN OF ILFD
The schematic of the proposed ILFD with coupled dual LC
tanks is shown in Fig. 1. The coupled dual tanks of the proand
toposed ILFD is formed by the coupled inductors
implemented by using
gether with the variable capacitance
to
provide the required
digital tuning bit. The transistors
negative resistance to compensate the tank losses. For a differential operation, differential injection transistor pairs using
to
is adopted. To reduce noise from the biasing circuit, the
PMOS current mirror is chosen for better transistor flicker noise.
To derive the locking range, the ILFD in Fig. 1, is split
into its equivalent AC half circuit as shown in Fig. 2(a). Since
the source terminals of the PMOS cross-coupled transistors

Fig. 2. Equivalent circuit (a) ILFD AC half circuit and, (b) series equivalent of
coupled dual LC tank.

Fig. 4. Measured input sensitivity of ILFD.

Fig. 3. Die microphotograph of ILFD.

are at AC ground (Node A in Fig. 1), the negative resistance
transistors can be simply represented as parallel combination
and
, where
represents the equivalent negative
of
resistance generated by the cross-coupled transistors and
is the overall parasitic capacitance including the drain-source
and the gate-source capacitances
of the negative
resistance transistors. The differential injection transistor pairs
and channel resistance
are simplified as shunt capacitance
. The coupled dual LC tank is simplified into its parallel
representing the equivalent inductance and
equivalent with
representing the overall resistive loss. As shown in Fig. 2(b),
based on the T-model presented in [10], the series impedance
,
of coupled dual LC tanks can be derived as
and
is given by
where
and

(2)

Using (2), the series impedance of coupled dual LC tanks
can be represented in shunt as shown in Fig. 2(a), where,
,
and
. Assuming a fixed oscillation
frequency and high quality factor for capacitors and varactors,
the quality factor of the ILFD is
(3)
where
.
From Fig. 1, it can be observed that the source node of injection transistors is at AC ground and the injection current can be
expressed as the function of transconductance of the injection
transistor and its gate source voltage given by
(4)

Fig. 5. Measured locking range and output power.

where,
is the transconductance of the injection transistor
, being the incident amplitude,
and
the incident frequency equal to
. The oscillation current is
(5)
is the oscillator transconductance represented by
where,
, is the output voltage
the cross-coupled transistors
and
which is approximately dependent on the bias current
. It should be noted that
resistance of injection transistor
is larger than
.
the approximation for is valid only if
Substituting (3), (4) and (5) into (1), the locking range of the
is given by
ILFD considering the magnitude of
(6)
From (6), it can be seen that for low injection amplitudes
,
the locking range of the ILFD can be enhanced by (a) small bias
, (b) a higher tank inductance and (c) the size of the
current
injection transistors. Since the minimum required bias current
is determined by the tank losses, minimum output power and
required phase noise, in the proposed ILFD, the locking range
is enhanced by using large tank inductance and increased width
for differential injection transistor pairs. In comparison to the
conventional implementation, the use of proposed coupled dual
LC tank in the ILFD achieves a larger effective inductance due
to the strong magnetic coupling between the coils with reduced
effective chip area. With the differential injection transistor pair
as injection transistors, (a) the ILFD realizes a fully differential

Fig. 6. Measured ILFD phase noise.
TABLE I
PERFORMANCE SUMMARY AND COMPARISON OF ILFD PERFORMANCE

input power. The measured output power of the ILFD under
different injected power level is shown in Fig. 5. The ILFD
measures a maximum and minimum output power of 2.44
dBm and 3.23 dBm respectively including the simulated
buffer loss of 2.8 dB. The measured phase noise of ILFD is
shown in Fig. 6. Under the locking condition at 25 GHz, the
phase noise is 116.07 dBc/Hz at 10 kHz offset. Compared
to the input signal generator phase noise of 109.76 dBc/Hz
at 10 kHz offset, the achieved locked phase noise is better
and close to the theoretical value of 6 dB as shown in Fig. 6.
Table I lists the performance summary and comparison of
the proposed ILFD with other ILFDs in the same frequency
band. The proposed ILFD achieves a good power efficiency
of around 18.56% excluding the buffer loss for the minimum
output power. Considering power consumption and insertion
loss of 50 buffer following the ILFD, the power efficiency is
6.63%. The proposed ILFD is also fully differential ILFD with
very compact size.
IV. CONCLUSION
In this letter, ILFD based on coupled dual LC tanks together
with two differential injection transistor pairs to increase the
locking range while maintaining a high quality factor is presented. With the presented technique, the implemented ILFD
can achieve a wide locking range at low injected power levels
and higher power efficiency. With a compact silicon area and
fully differential design, the ILFD can be readily integrated with
low power VCOs.
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