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Abstract—This paper considers the analysis and the design eh  theoretical limit of the phase shift is within 3688e to the
array of two NMOS differential oscillators coupled through a  differential operation of the array. In this casdith the use of
resistor. A new writing of the nonlinear equationsproposed by R. such an array, a continuously controlled 360° pleisiing
York to describe the oscillators’ locked states bulimited for the range can be achieved leading to an efficient bseamning
specific case of a resistive coupling is presentedhe new system  grchijtecture for example. Furthermore, differentatillators
permits the calculation of the free-running frequerties of the  gre widely used in high-frequency circuit desigre da their
oscillators when a specific phase shift is desiredhis has led to relatively good phase noise performances and edse o
the modeling of the two coupled NMOS differential scillators as integration. Moreover, the use of a resistive cmgphetwork

two cpupled differential Van der Pol oscillators, vith a resistive instead of a resonant one can lead to a substaatielin chip
coupling network. A good agreement between the ciuit, the

model and the theory was found, giving some design area.
considerations for a network of two differential osillators Due to these considerations, the aim of this papdn
coupled through one resistor. present the analysis and the design of an arrayjwof

differential NMOS oscillators coupled through a istge
network. To do so, the equations developed by &k giving
the dynamics for two single-ended Van Der Pol tatoits
coupled through a resonant network will be overeéwn
I. INTRODUCTION subsection II-A. In subsection 1I-B, a new writind these

Arrays of coupled oscillators are used to produiggér equations for the _specmc case of a resistive tmglell be
powers at millimeter-wave frequencies with bettificiency ~ Presented. In section Iil, the study and the modetif the two
than is possible with conventional power—combiningNMOS RLC_d|fferent|aI oscillators couplgd througtresistor
techniques. Another application is the beam stgesfrantenna  Will be described followed by the conclusion.
arrays. In this case, the radiation pattern of aspt antenna
array is steered in a particular direction throwgltonstant Il.  THEORETICAL ANALYSIS
phase progression in the oscillator chain whicbbiained by
detuning the free-running frequencies of the outstm A. Dynamics of two oscillators coupled through a resonnant
oscillators in the array [1]. Furthermore, it isosm that the circuit
resultmg inter-stage phase shift is independenthennumber The study of the dynamics of an array of two oatills is
of oscillators in the array [2-4]. done using a Van der Pol model. This model is nudeRLC

In his previous works, R. York made use of simphgle- resonator and a nonlinear conductance, which has th
ended Van der Pol oscillators to model coupled omiewve  following expression:
oscillators. Based on a generalization of Kurokawaethod
[5], he was able to derive the equations for theldude and _ ) (1)
phase dynamics & oscillators coupled through many types of Gy =-a+aV
circuits [6,7]. Unfortunately, it is shown in [2]hdt the
theoretical limit of the phase shift that can beasied by where -ais the negative conductance necessary to start the
slightly detuning the end elements of the array dmual )
amounts but in opposite directions is os®0° . Thus, it seems oscillation and a,V* is the nonlinear conductance which
to be interesting to s_tudy an_d analyz&_a the behamfi(am array  modelises the saturation phenomenon.
of coupled differential oscillators since, in thtase, the

Keywords. RLC differential oscillator, resistive coupling
network, differential Van der Pol oscillator, synchronization.



In [7], R. York & J. Lynch derived the equations fihe
amplitude and phase dynamics of two single-ended d&r
Pol oscillators coupled through a RLC circuit, @kofvs :
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are the coupling strength scale factor and couptingse that
result from frequency-dependent attenuation andseluelay

through the coupling circuit aridJ| <90C°. The ability of these

coupled oscillators to synchronize to a common desqgy is
affected by the following parameters [8]:

and

L zelR . coupling constant, wher€, is the first-
[)
0 c
order term of Van der Pol nonlinear conductance
* 2w, = % : frequency bandwidth of the oscillators
* 2w =% . frequency bandwidth of the unloaded

a
C

coupling circuit

s w.,,W
ol 02
oscillators 1 and 2, respectively

* @ _:resonant frequency of the coupling circuit

Furthermore, let us note that in (), and @, , and the

synchronization frequency of the system, are referred to the

resonant frequency of the coupling circui, , using the
following substitutions:
Awy =0, —w, Aw,=w,-aq, Ly =w-q,

B. New writing of the equations for the Broad-Band case

The case when the coupling circuit is made of @sistor
implies w,. —, which means that= 1 and® = 0 according
to (1). In these conditions, the new equations rilgag the
locked states can be written as:

. free-running frequencies or tunings of BICMOS SiGe process.

-1, - ) =-4, A codag)

w :a)—/lwisi Ap
ol 0 a
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If one want to obtain the maximum phase shift, the
synchronization frequency must be located betwéentivo
oscillators free-running frequencies as explained7] and
called the line of “equally spaced tunings”, satth

w= oy ¥l
2

Then, according to (2), this implidg=A, and the frequency
difference between the two free-running frequencifs
oscillators 1 and 2 can be expressed as follows:

Aw) = ZAOwasir(A@ ©)]

with Aw =@, -~ @ as mentioned previously.

As a consequence, one can note that (3) can betusied the
tunings @ and ) of the two oscillators for a given phase
shift A@ Nevertheless, to do so, the paramefigrsy, and thus
the Van Der Pol model of the oscillator must bevno

Ill.  STUDY AND MODELING OF TWO COUPLED DIFFERENTIAL
OSCILLATORS

A. TheRLC Differential Oscillator

In this paper, the oscillator schematic used irutions is
depicted in Figure 1. It is based on the well-knoamss-
coupled NMOS differential topology using a 0.35 pm
The cross connected NMOS
differential pair provides the negative resistateeeompensate
for the tank losses. The tail current source i@k NMOS
current mirror and draws 28 mA with a ratio of Moirder to
reduce the power consumption . The frequency dflatson is
determined by th&C tank at the drains, so that the oscillation
frequency is close to 6 GHz. In these conditiolns,ihductance
value,L, is close to 0.8 nH and the capacitor valDeis close
to 0.88 pF. The resistor valug, is equal to 10@ so that the
quality factor of the tank is equal to 3.3. A tedpacitorCy is
used to attenuate both the high-frequency noisegpooent of
the tail current and the voltage variations onttienode. This
latter effect results in more symmetric waveformd amaller
harmonic distortion in LC-VCO outputs [9].

To ensure proper start-up of the oscillator, the

transconductance of the NMOS transistor should itzatgr

than% . In these conditions, the sizes of NMOS transssigr

. . _ 70um
andT, are identical and chosen to éﬁl)— 035m




Let us now consider the two identical differenté&n der
Pol oscillators coupled through one resistor of 20dike in
Fig. 4. In this case, the value of the couplingstes on each
path isR/2 to match well with the theory based on the use of
two single-ended Van Der Pol oscillators. Now usfBy the
range of frequencies over which these two coupkadllators
lock can be obtained. For instance, if the degatease shift for
the targeted application is 42°, the free-runnirggjfiencies of
the two oscillators ar§; = 5.67 GHz and,, = 6.27 GHz for
1,=0.5 andwy=5.68.10 rad/s.

In these conditions, this coupled system simulatstth
ADS leads to four sinusoidal waves at a synchrdio@a
frequencyfs of 5.96 GHz with a phase shift equal to 41.6° as
shown in Fig. 5.

Figure 1. RLC NMOS differential oscillator scheimat

B. Modeling of the array of two differential oscillators using voscl w vosel
a differential Van Der Pol model l :L L
R ] C o] L2 R

In order to represent the oscillator of Fig. 1 bpemative —‘— .
voscl m —‘:'ostf I

resistance in parallel with an RLC resonator, Agike ADS
software was used. From ADS simulation results thoe
differential . QSCI"atOI’ a_‘t the required synchro_muaa Figure 4. The two differential Van der Pol osilieg coupled through a
frequency, it is then possible to extract the palr&LC circuit resistor
that models the resonator, as well as the paras@tanda; of
the Van der Pol equation capable of reproducinghéteaviour — e R
of the oscillator's active part. In these condiipnthe vose2 50
differential oscillator represented in Fig. 1 canreduced into
a new Van der Pol differential oscillator with a Rlcesonator
as shown in Fig. 2. Thus, for an oscillation frenmeclose to 6
GHz, R is equal to 20®, the inductance valug, is close to 05
1.6 nH and the capacitor valu@, close to 0.44 pF.
I[1.0]1=(_v1-_v2)*al-(_vi-_v2)*(_Lvi-_v2)*(_vl-_v2)*a3
1[2.0]=-(_v1-_v2)*al +(_v1-_v2)*(_v1-_v2)*(_vi-_v2)*a3 05
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Figure 2. The differential Van der Pol oscillatoodel with i=-av+aV°
Figure 5. Waveforms of the output voltages ford¢bapled differential Van

Fig. 3 shows the waveforms of the differential aotp der Pol oscillators faflg=41.6°
voltages for the RLC NMOS differential oscillatof lBig.1 as
well as those of the differential Van der Pol datilr model at One can note that a good agreement was found betivee

a frequency of 5.970 GHz. As can be seen in iisd, a very theoretical prediction of the phase shift and tiraukation
good agreement is found between the behavior oftthdel  results of the differential Van Der Pol model deyeid.
and the circuit.

C. The Two coupled RLC NMOS differential oscillators

In order to design the array made of the two calple
differential oscillators, the theory for the coupldifferential
Van der Pol oscillators was used. Thus, under thees
simulation conditions used for two differential Valer Pol
oscillators, the two differential oscillators wereoupled
through a resistor of 20@, as shown in Fig. 6. In these
conditions, Fig. 7 shows the differential outputltages
waveforms of the two differential oscillators ofgFie as well
K " as those of the differential Van Der Pol modelthis case, the
DS AAAAR BN AR AR RARA SRR RARAN ARBRARAR. two coupled differential oscillators are synchreuizat 5.98
669.86 66990 66985 670.00 67005 670,10 67015 67020 670.25

GHz with a phase shifig=41.3°.

\vosc1—vosc2 foeiatetel vdi- vd2 ee%e|

time, nsec

As a consequence, one can see that a very gooenagme
Figure 3. Comparison between the output voltaf#iseodifferential . . o
oscillator and the differential Van der Pol os¢dlamodel is found between the behavior of the model ancCiteeiit.
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Figure 6. Two differential oscillators coupleddhgh a resistor
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Figure 7. Comparison between the output voltagéseocoupled differential
oscillators and the coupled differential Van def éxeillators, when
Ag=41.3°

Now, in order to show the ability of the systematthieve
the desired phase shift and to find the rangeesfufencies over
which these two coupled oscillators can lock, wangjed the
free-running frequencies of the both pairs of detrits so that
the synchronization frequency will remain the samable |
shows a comparison between the synchronizatiorudmzy

and the phase shift obtained with the coupled NMOS

differential oscillators, the coupled differentisflan der Pol
oscillators and by using the theory.

TABLE . COMPARISON OF THE OBTAINED RESULTS FOR THE
SYNCHRONIZATION FREQUENCY AND THE PHASE SHIFT

for foz fs Ag
GHz GHz GHz
diff. VDP theory diff. VDP theory
0SC. Osc. OSC. Osc.
5.97 5.97 5.96 5.94 5.97 0° 0° 0°
6.03 5.91 5.96 5.94 5.97 7.1 7.2° 7.6
6.09 5.85 5.98 5.96 5.97 15.7° 15.9° 15.5°
6.15 5.79 5.98 5.96 5.97 24.6° 24.8° 23.6°
6.21 5.73 5.98 5.96 5.97 31.2° 31.4° 32.3°
6.27 5.67 5.98 5.96 5.97 41.3° 41.6° 42.0°
6.33 5.61 5.99 5.96 5.97 53.4° 53.8° 53.4°
6.39 5.55 5.99 5.96 5.97 68.7° 69.4° 69.5°
6.42 5.53 5.99 5.96 5.97 81.0° 82.0° 83.1°

One can see that a good agreement was found between
these results. The maximum value of the phaseistofitained
for f,;= 6.42 GHz and,= 5.53 GHz. Above this values of the
free-running frequencies, the oscillators are nbte ato
synchronize anymore.

Thus, these results show that it is possible tasadjvith a
relatively high accuracy, the free-running frequesacof the
two differential NMOS oscillators required to ackee the
desired phase shift.

IV. CONCLUSIONS

This paper was focused on the analysis and thgrdes$ian
array of two differential NMOS oscillators coupléttough a
resistive network. Starting from the system of lim@ar
equations presented in [7] by R. York, a simplestam
reduced to the case of a resistive coupling netwankl
allowing to determine the free-running frequen@éshe two
oscillators required to achieve the desired phdsft was
developed. After that, the modeling of the chos&m$ RLC
differential oscillators as one differential Varr d®l oscillator
was performed. Thus, under the same simulation ittonsl
used for two coupled differential Van der Pol datirs, the
two differential NMOS oscillators were coupled thgh a
resistive network. A good agreement between theiltses
obtained for the coupled NMOS differential oscoia, the
coupled differential Van der Pol oscillators and theory was
found showing the potential of this new oscillatarray
architecture.
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