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First harmonic injection locking of 24-GHz-oscillators
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Abstract. An increasing number of applications is proposed tion frequency and frequency of the synchronization source
for the 24 GHz ISM-band, like automotive radar systems andversus different parameters like output power of the oscillator
short-range communication links. These applications de-and power of the synchronization source. Moreover, phase-
mand for oscillators providing moderate output power of anoise improvement due to injection locking was investigated.
few mW and moderate frequency stability of about 0.5%. The mechanism of first harmonic injection locking and the
The maximum oscillation frequency of low-cost off-the- resulting dependencies will be discussed.
shelf transistors is too low for stable operation of a funda-
mental 24 GHz oscillator. Thus, we designed a 24 GHz first
harmonic oscillator, where the power generated at the fun- ) )
damental frequency (12 GHz) is reflected resulting in effec-2 Oscillator design
tive generation of output power at the first harmonic. We
measured a radiated power from an integrated planar antennthe oscillator design is based on the one port approach. The
of more than 1 mW. Though this oscillator provides Superiorfundamental wave is at 12 GHz and reflected at the ﬁlter,
frequency stability compared to fundamental oscillators, fori-€. there is no power delivered at the fundamental frequency.
some app”cations additional stabilization is required_ The OSCillating conditions are fulfilled at 12 GHz, but the out-
As a low-cost measure, injection locking can be used toPUt signal is the first harmonic at 24 GHz. Because we do
phase lock oscillators that provide sufficient stability in free NOt take out any power at 12 GHz the first harmonic is gen-
running mode. Due to our harmonic oscillator concept injec-erated efficiently. Spurious spectral components, namely the
tion locking has to be achieved at the first harmonic, sincefundamental and the higher harmonics are suppressed by use
only the antenna is accessible for signal injection. We de-of a filter (Fig. 1). We measured an output power of about
signed, fabricated and characterized a harmonic oscillator us3 dBm at 5@2 behind the filter. The oscillator is designed for
ing the antenna as a port for injection locking. The locking maximum power at 24 GHz and ideal oscillating conditions
range was measured versus various parameters. In additioAt 12GHz.
phase-noise improvement was investigated. A theoretical ap- The bias network in this design has to block both 12 GHz
proach for the mechanism of first harmonic injection locking and 24 GHz. Therefore, two radial stubs were attached at
is presented. each DC-line. The small stub is designed for 24 GHz and
the big stub is for 12 GHz and for 24 GHz. The Design is
realised in microstrip-technology on RT-Duroid.

To radiate the 24 GHz wave the oscillator is coupled to a
common rectangular patch antenna, see Fig. 1. The patch is

Injection locking is a low-cost measure to phase lock oscil-2 M2 resonator. At the other side of the antenna a coupling

lators that provide sufficient stability in free running mode. Structure is connected. Here the 24 GHz reference signal is
In our case, injection locking has to be achieved at the firsthiected into the oscillator via the antenna and the filter. The

harmonic, since only the antenna is accessible for signal in€0UPling line is realised as 1@0line to reduce the influ-
jection. Thus, the coupling circuit is integrated in the pla- €NC€ to the antenna. Furthermore a coupling slot is inserted,

nar antenna structure. We investigated the locking rangeWhich allows for relatively weak coupling between the refer-

i.e. the acceptable deviation between free-running oscilla€NCe source and the resonant patch antenna in order to pro-
vide a sulfficiently high loaded g-factor of the antenna. The

Correspondence tayl. R. Kithn (kuehn@ei.tum.de) simulated insertion loss of this coupler is 8.45 dB at 24 GHz.
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Injection locking is the synchronisation in frequency and Fig. 2. Injected signal is not within the locking range of the oscilla-
phase of a free running oscillator with a source. The mech°"

anism of injection locking has been observed in a wide vari-

ety of oscillators (Adler, 1946; Kurokawa, 1973; York, 1993; 4 |njection |Ocking at the first harmonic

Navarro and Chang, 1996). It can be shown, that the output

phase of a simple oscillator with an injected signal is givenIn contrast to the described mechanism of injection locking

by Adler’s equation (Adler, 1946). above the injection locking in our case is different. The de-
dy 0wy . scribed mechanism requires that the injected signal is in the
— = w0 — Wipj + — =SSN — @) (1) locking range of the free running oscillator’s fundamental
di &%g T wave. Here, the oscillator is working as harmonic oscilla-
Awm tor and the signal of interest is the first harmonic wave. The

whereawo is the free-running frequency,; is the injected ~ Synchronisation signal, which is injected into the antenna,
signal, a is the free-running oscillating amplitud@,is the is also at the first harmonic of the oscillator, at a frequency
quality-factor of the oscillator’s resonant circyitjs the am-  ©f 24 GHz. So, what will happen by injecting the signal to

plitude of the injected signal measured at the free-runningthis_ oscillator? The basic operation of a harmonic oscilla-
oscillator. For phase synchronising the oscillator with the tOF iS that harmonics of the fundamental wave are generated

reference signal a steady state solutiwyds = 0 has to by the nonlinearities of the active device. The only differ-

exist. Solving (3.1) for steady state gives ence between a fundam_ental and a harmonic o_scillator is the
frequency where power is taken out of the oscillator. In our
Ag = sin? (winAj - wO) ) harmonic oscillator the first harmonic
w,
" 2w = wy, 4)

which shows that an injection locked solution is possible only ) i
when the injected signal frequency lies within the “locking IS delivered at the output, wheu, is the fundamental wave

range” of the oscillatowo & Awy,. Solving (3.2) will result _anda)h i_s the_first harmonic. Vice versa, the externally in-
in two possible solutions because of the inverse sine. Here ¥cteéd signalis handled. o

stability analysis is necessary to gain the right solution. The The injected 24 GHz signab;,;,, is mixed down at the
phase is distort from its free-running stata) by writing nonlinearities of the oscillator with its fundamental

¢ = @o + 8¢, which reduces (3.1) to Dinjh — B0 = Winj (5)

ddg = —8¢Aw, COSA@ (3) wherew;,; is the half of the injected signal. Now, we apply
dt the theory described above to our oscillator.

The distortion will decay in time provided that cag > O, In Fig. 2 the external source is not within the locking range

which restricts the phase difference to the rarge/2 < of the free running oscillator or the amplitude of the external
A < /2. The locking range is proportional to the injected signal is not large enough. For these conditions no interac-
signal amplitude and inverse proportional to the Q-factor andion between oscillator and external signal is observed.

the oscillator's amplitude. To get a large locking range in a In Fig. 3 the injected signal is at the edge of the oscilla-
practical system, low-Q oscillators, with large injected sig- tor's locking range. Significant interaction between the sig-
nals are required. nals results in harmonics of the beat frequency. Decreasing
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Fig. 3. Injected signal is very close to the locking range. Interfer-
ence frequencies are produced.
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Fig. 4. Spectrum of free running and injection locked oscillator.

the frequency or increasing the power will lock the oscilla-
tor’s frequency and phase to the injected signal (Fig. 4).
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Fig. 5. Upper and lower edge of the locking range versus the power
of the injected signal and DC bias of the oscillator’s transistor.

With Adler's equation (3.1) and equation (4.3) and (4.4) it

can be shown that the oscillator's phase variation follows the
phase variations of the injected signal. As long as the oscil-
lator is locked and the variations of the injected signal are
within the locking range the phase variations follow

deo(t)
dt

deinj(t)
dt

®

= (a)inj — o)

i.e. @o(r) and g;,;(t) are synchronous within the locking
bandwidth (wherevow;,,; = 0).

In Fig. 5 the dependencies of the injection locking param-
eters are plotted. The locking rangg¢ depends on the in-
jected power of the external signal and the amplitude of the
free running oscillator (indicated by the DC drain-source-
voltage Wsc applied to the transistor). The dependence of
the locking range versus the injected power can easily be ex-
plained by analysing Adler’s equation (3.1). Increasing the
injected power results in a larger amplituge Increasingo
will increaseAw,,. BecauseAw,, is the half of the lock-
ing rangewp £+ Aw,, the locking range becomes larger. On
the other hand decreasing the oscillator voltage will decrease
the output amplitude and increase the locking range in the
same way.

Another interesting point is the phase noise improvemen® Summary
due to the injection locking. The phase noise of the unlocked

oscillator is—84 dBc @ 1 MHz, the phase noise of the locked
oscillator is—88 dBc @ 1 MHz. The reduction of the phase

A harmonic free running oscillator at 24 GHz was demon-
strated. The phase/frequency stability of the oscillator was

noise can be analysed using the method given in Cao an@nhanced by injection locking at the first harmonic, i.e. at

York (1995). If we ignore AM noise, which is usually much

24 GHz. The oscillator can be used for applications in the

less than the phase noise, the output voltage of an oscillatdSM-band. The mechanism of injection locking at the first

and the voltage of the injected signal can be written as
(6)
(7

Vo = Ao coSwot + ¢o(t))

Vinj = Ainj COSwinjt + @inj(t))

harmonic could be explained by an analogy to the theory for
fundamental injection locking. Furthermore, the dependen-
cies of the locking range versus power levels of the oscillator
and the injected signal could be predicted and were proven
by measurements.
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