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A fully differential sub-harmonic injection-locked phase-locked loop
(PLL) that achieves improved levels of phase noise performance
through the incorporation of injection locking and fully differential
architecture is presented. Details concerning the design of each build-
ing block are given and the corresponding simulation results are pre-
sented. The system level architecture exploration is introduced
together with the phase noise analysis. A physical implementation of
the proposed design using a standard 0.5 mm SiGe BiCMOS process
is also presented as a case study in order to prove the functionality
as well as the overall performance. Phase noise improvement is
20 dB at 1 kHz when a sub-harmonic of the free-running oscillation
frequency at 2.5 GHz with a 215 dBm power level is injected.

Introduction: Injection locking is an alternative approach to couple a
noisy on-chip VCO to a clean reference. The phase noise of the injec-
tion-locked oscillator (ILO) tracks accurately the phase noise of the
reference signal when the free-running frequency and the frequency of
the reference (injected) signal are nearly the same. When the injection
frequency is a sub-harmonic (n) of the oscillation frequency, the sub-
harmonic injection-locked oscillator (s-ILO) increases the phase noise
of the injected signal by 20log(n) within the locking range. The sub-har-
monic injection-locked phase-locked loop (s-ILPLL) incorporates such
an s-ILO whereas the injection signal is used as reference for the
phase detector of the loop. Injection locking has been a flourishing
research topic over past years, resulting in a wide range of proposed
applications. In this Letter, we report an analytical model and an exper-
imental exploration of a fully differential, sub-harmonic injection-locked
phase-locked loop. We extend our previous work, where we reported the
theoretical analysis and the testing results of a sub-harmonic injection-
locked phase-locked loop, the implementation of which was based on
a single-ended architecture and discrete components [1].

System design: In this Letter, as aforementioned, we extend our pre-
vious study [1] in two steps. First, we design a fully differential
s-ILPLL; secondly, we implement the proposed scheme in an integrated
instead of a discrete fashion as a proof-of-concept to demonstrate its
functionality and validate the performed theoretical analysis. The exter-
nal signal Vinj is applied to the injection port of the oscillator and to the
external phase shifter. The latter sets up a quadrature phase difference
between the two signals allowing the double balanced mixer/phase
detector to work in the ‘linear’ region of its sinusoidal phase detection
characteristic. The limiter is used to ensure that the power level of the
injected signal does not exceed the power level at the output of the 5
to 2.5 GHz divider (Fig. 1a). It is well known that by employing sub-
harmonic locking with a frequency ratio of 2:1, the phase noise inside
the lock range vL is confined to 4SREF(v), where SREF(v) denotes the
phase noise of the injected signal. Previously reported works [2–4]
treat the s-ILPLL as a PLL-locked oscillator in which an injection
signal is applied. In contrast to these, we demonstrate that an s-ILPLL
can be also considered as a PLL where the phase noise of an ILO
replaces the phase noise of the VCO in the PLL noise expression. It
can be easily proved that both models are equivalent concerning their
mathematical descriptions.
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Fig. 1 Block diagram of proposed s-ILPLL and model for noise analysis

a Block diagram of proposed s-ILPLL
b Model for noise analysis

Component design: An SiGe HBT differential Colpitts oscillator was
designed based on the single-ended Colpitts oscillator architecture.
The simulated phase noise is depicted in Fig. 2a; the tuning range
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of the VCO is 4.9–5.1 GHz, i.e. 200 MHz, and the VCO gain
(KVCO) is 95 MHz/V. The phase noise of the sub-harmonic ILO
locked at the second sub-harmonic frequency is given by [2]:

SILO(v) =
4SREF (v)(v0/2Q(VOUT2/VOUT ))2 cos2 w+ v2SVCO(v)

(v0/2Q(VOUT2/VOUT ))2 cos2 w+ v2
(1)

0

–20

–40

–60

–80

–100ph
as

e 
no

is
e,

 d
bc

/H
z

–120

–140

0

–20

–40

–60

–80

–100

–120ph
as

e 
no

is
e,

 d
bc

/H
z

–140

–160
102 103 104

frequency offset, Hz

a

with injection
(new)

reference

without injection

without injection

with injection

free running

with injection
(traditional)

free running

105 106 102 103 104

frequency offset, Hz

b

105 106

Fig. 2 Calculated phase noise at output of proposed s-ILPLL using analysis
considered in this study and measured phase noise performance with and
without injection

a Calculated phase at output of proposed s-ILPLL
b Measured phase noise performance with and without injection

where w is the stationary phase difference between the oscillator and the
second harmonic of the reference signal, v is the offset carrier fre-
quency, v0 is the free-running frequency, Q is the quality factor of the
embedding network, VOUT is the amplitude of the free-running signal
and VOUT2 is the amplitude of the second harmonic of the reference
signal at the output of the oscillator. SVCO(v) is the power spectral
density of the phase noise of the free-running oscillator. We determined
the phase noise spectral densities of the injection signal using a testing
procedure and of the VCO by employing harmonic balance simulations.
These results were used in (1) in order to calculate the total output phase
noise at the output of the s-ILO. The locking bandwidth is 1.02 MHz.

Given that the frequency acquisition is obtained via the injection
locking technique it is not necessary to employ a frequency detector
within the proposed s-ILPLL scheme. In this case only a phase detection
mechanism need be incorporated. The proposed architecture, used for
phase detection, is based on a double-balance Gilbert-cell. The achieved
(differential) KPD is 350 mV/rad. A frequency divider has been incor-
porated to divide-by-two the frequency of the VCO’s output signal.
Consequently, the derived signal is compared to the external reference
used for the purpose of the injection. The divide-by-two circuit is essen-
tially a static master-slave D-latch.

We designed a limiter to ensure that the power level of the input signal
does not exceed the power level at the output of the divider (Fig. 1a).
The limiter is based on a cascode differential pair and the maximum
differential output swing is 150 mVpp at 2.5 GHz. To accommodate
differential phase detector outputs and maintain the associated advan-
tages, a differential version of the active proportional integral (PI)
loop filter has been used. The combined functions of this filter
concern the integration and the differential to single-ended conversion
to provide Vtune. The time constants t1 and t2 of the loop filter were
36.7 and 0.9 ms, respectively.

Phase noise calculation and verification: Following the analysis pre-
sented in [1] and the linearised model of the s-ILPLL, shown in
Fig. 1b, we arrive at the following expression for the spectral density
of the phase noise at the output of the proposed s-ILPLL:

SILPLL(v) =
4SREF (v)(v0/2Q(VOUT2/VOUT ))2 cos2 w

(v0/2Q(VOUT2/VOUT ))2 cos2 w+ v2

× |1 − H(v)|2

+ v2SVCO(v)
(v0/2Q(VOUT2/VOUT ))2 cos2 w+ v2

× |1 − H(v)|2 + 4SREF (v)|H(v)|2

(2)

where SVCO(v) and SREF(v) are the power spectral densities of the noise
of the VCO and the injected signal (in units of rad2/Hz), and H(v) is the
closed loop transfer function. The derived results obtained from the
method described here are plotted in Fig. 2a. The reference frequency
of the injected signal is set to 2.5 GHz. Phase noise data for the reference
signal and the free-running VCO were collected from measurements. On
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a first view, the derived formula (2) is different than the one derived in
[2–4] but calculation results proved that the two equations are equival-
ent (dashed and dotted curves in Fig. 2a). Furthermore, the validity of
(2) is confirmed by experimental measurements in the following
Section. Finally, the output phase noise without injection (i.e. conven-
tional PLL) is also depicted as reference. The proposed analysis is con-
sistent with observations made by other authors in the literature [2–4],
and can be used to characterise the phase noise performance of any
ILPLL topology.

s-ILPLL integration and measurements: The main objective of the
implementation addressed here is the verification of the functionality
of the circuit and the validity of the proposed analysis. For this
purpose the choice of the 0.5 mm SiGe BiCMOS IBM technology is
adequate. Fig. 3 depicts the die microphotograph with an active area
of 1.1 × 0.9 mm2.

Fig. 3 Microphotograph of proposed s-ILPLL

Table 1: Comparison with recently published PLLs and s-ILPLLs

Technology

Phase noise
(dBc/Hz)
at 500kHz

Injected power
(dBm)

Power
consumption (mW)

This work 0.5mm SiGe 2123(5GHz) 215 75

[2] HEMT1 282(18GHz) 210 –

[3] 90nm CMOS 2123(5GHz) 3 38

[8] GaAs1 298(10GHz) 210 –

[7] 0.13mm CMOS 295(5GHz) N/A2 31

[6] 0.5mm SiGe 2110(5GHz) N/A2 231

[5] 0.25mm SiGe 2115(5GHz) N/A2 287
1 Discrete implementation, 2 PLL, 3 phase noise of the reference: 2140dBc/Hz

First, the s-ILPLL is measured under open-loop conditions, which
means that the VCO frequency is directly adjusted by a steady voltage
source. The loop locks at 908 where the phase detector output voltage
is zero. Thus, KPD is the first derivative of the voltage with relation to
the phase difference evaluated at 908 and it is equal to 0.41 V/rad.
The injected signal is then applied at the input (2.5 GHz at 215 dBm)
and the phase noise of the s-ILO is measured, confirming the theoretical
results. The next step refers to the implementation of the external loop
filter by selecting the desired natural frequency vn (1500 rad/s), and
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the damping factor z (0.707). Consequently, the closed loop is employed
and the stabilisation of the entire system has been proven. Fig. 2b shows
the phase noise plots of the free-running oscillator and the output with
and without injection. Measured performance data from the fabricated
IC are consistent with the theoretical analysis. Table 1 summarises the per-
formance of this and some prior work.

Conclusion: The successful realisation of a 5 GHz fully differential
sub-harmonic injection-locked phase-locked loop in 0.5 mm SiGe
BiCMOS technology has been presented. A sub-harmonic of the free-
running oscillation frequency at 2.5GHz with 215 dBm of power
level has been used, stabilising the oscillator and improving the phase
noise by 20 dB at 1 kHz. The measured power consumption is
75 mW. This low-power level injection capability prompts integration
of several s-ILPLLs sharing the same low-power reference signal
while operating at different frequency bands. Thus, the proposed
approach provides an attractive solution to implement frequency genera-
tors capable of covering different frequency bands simultaneously.
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