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Abstract—Cyclic-coupled ring oscillators (CCRO) provide
several unique features over regular ring oscillators such as avail-
ability of multiple sets of phase-shifted outputs and reduced phase
noise. Furthermore, when combined with N-push frequency multi-
plication low phase noise, wide tuning ranges and millimeter-wave
(mm-wave) frequencies can be realized. In this work, we propose
two N-push CCROs fabricated in a 90 nm digital CMOS process.
First, a wideband N-Push/M-Push CCRO is presented which
achieves an output frequency range of 3.16-12.8 GHz using a
unit cell ring oscillator operating at 1-2.56 GHz. The measured
phase noise at 1 MHz offset is —103.4 dBc/Hz and —101.6 dBc/Hz
at 3.16 GHz and 12.8 GHz, respectively. Second, an mm-wave
N-Push CCRO is presented. It generates an output frequency of
13-25 GHz with a low phase noise performance of —95 dBc/Hz
at 1 MHz offset over the output frequency range. The proposed
oscillators achieve superior phase noise performance as well as
competitive figure-of-merit compared with the state-of-the-art
ring oscillators. In addition, the operation of the CCRO and its
phase noise is analyzed. We confirm, analytically and experi-
mentally, that the phase noise of an M-stage CCRO improves by
10log M over that of a single ring oscillator. We also show that the
phase noise improvement bandwidth is a function of the coupling
strength.

Index Terms—Coupled oscillators, frequency multiplier, mil-
limeter wave, N -push, ring oscillators, wideband.

I. INTRODUCTION

SCILLATORS are essential components in numerous

circuits such as frequency synthesizers for wireless and
wireline transceivers, clock generators for microprocessors
and clock and data recovery systems. The high demand on
data and bandwidth requires that these oscillators work at
higher frequencies to process more data and provide more
bandwidth. Higher data rates also require that oscillators have
lower phase noise. In addition, oscillators are required to
provide multi-phase clocks; for example in-phase and quadra-
ture-phase clocks in fully integrated image reject receivers
[1] or multi-phase clocks employed in high speed sampling in
time-interleaved applications [2].
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Fig. 1. Configurations of coupled oscillators [4].
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Fig. 2. Cyclic coupled oscillators [5]-[8].

Coupled oscillators have been used historically to provide
multi-phase outputs for power combining and beam scanning
applications [3]. They have the advantage of reduced phase
noise: M coupled oscillators have M times less phase noise
than a single oscillator (given the coupling network is recip-
rocal) [4]. However, for LC-tank coupled oscillators, the phase
noise improvement is not 1/M because phase noise of the in-
dividual oscillators degrades due to de-tuning of the oscillator
output frequency from the tank’s resonance frequency [5], [6].
Moreover, the area penalty of using on-chip inductors limits the
number of achievable phases and the narrowband characteris-
tics of the LC-tanks limits wideband frequency operation. On
the other hand, ring oscillators inherently provide multi-phase
clocks as well as wide tuning ranges. In addition, they are
compatible with the low cost digital CMOS processes and
scale with technology promising higher operating frequencies
for newer deep submicron technologies. However, their phase
noise performance is inferior to LC oscillators.

In this work we propose to exploit the advantages of ring os-
cillators while improving their phase noise performance through
the use of coupled oscillators. Fig. 1 shows different architec-
tures of coupled oscillators reported in [4]. Fig. 2 shows a cyclic
coupled oscillator structure where oscillators are placed in a ring
structure with each oscillator injecting a scaled copy of its signal
into the succeeding oscillator [5]-[8]. Cyclic coupled ring oscil-
lators (CCROs) were reported in [9] to provide high resolution
multi-phase outputs. Here we revisit the cyclic coupled ring os-
cillators and propose to use the different sets of phase-shifted
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Fig. 3. Circuit diagram of the CCRO.

outputs in the implementation of /NV-Push frequency multipli-
cation [10]. We show that the combined N -push CCRO archi-
tecture can provide wideband and mm-wave frequency outputs
with low phase noise. First, we present a wideband oscillator
based on this technique which can operate from 3.16-12.8 GHz
using a ring oscillator core operating at 1-2.56 GHz by lever-
aging two sets of multi-phase outputs available from the CCRO
[11]. Second, we use this architecture to design another N -Push
CCRO operating from 13-25 GHz with a low phase noise per-
formance. In addition, we analyze the CCRO, derive the dif-
ferent oscillation modes and their stability as well as derive the
phase noise expression of an M -stage CCRO. We confirm ana-
lytically and experimentally that the phase noise for this cyclic
coupled topology improves by M times over that of a single
ring oscillator. We also show that the phase noise improvement
bandwidth is proportional to the coupling strength.

The paper is organized as follows: Section II presents the ar-
chitecture of the CCRO as well as the oscillation modes anal-
ysis, their stability, and phase noise analysis. Section III presents
the designed NV-Push CCRO structures and their advantages.
Measurement results are presented in Section IV while the paper
is concluded in Section V.

II. CycLic-COUPLED RING OSCILLATOR

A. Architecture

Fig. 3 shows a cyclic coupled ring oscillator which presents
a special case of the oscillator array proposed in [9]. It is com-
posed of M identical ring oscillators, each composed of N main
delay cells (D1-Dy ). Coupling delay cells (De1-Dox) inject
a scaled version of each oscillator’s current into the next oscil-
lator stage. The transconductances of the coupling delay cells
(Dc1-Dex) are k times smaller than those of the main delay
cells (D1-Dy), where £ is called the coupling factor and is less

1279

T P I
i Dai I De | Dcn
| e |
: ! :
B :,%2 | Dy
! e’ | 4e’% e’
A UL
Rei's |
I :
i Dai 1 Dey | iDex
I | |
T T T
: Dy . : D, . : Dy .
Ae!21 Ae’ 22 o Ae’ N
! ] ga=cl L SL. : @ s
| : |
H | H ! H
i | !
| | )
I
Dci 1 Dea i Don
=/ 1= i
' I
: |
[
I
I
I
I
|

Fig. 4. Circuit model of the CCRO.

than unity. The M oscillators form a ring structure such that
output of each stage feeds the next and the Mth stage feeds the
first stage. In other words, each /N-stage ring oscillator is in-
jection-locked to the previous ring oscillator using progressive
phase injection at every node. This multi-point injection keeps
the phase balance between all the nodes [12]. This coupled os-
cillator structure can also be viewed as M horizontal oscillators
(with N stages each: D1-Dy) combined with N vertical oscil-
lators (with M stages each: Do1-Dcn). The vertical oscillators
are designed to be weaker than the horizontal ones by a factor of
k. In this work, a single ended architecture is adopted so M and
N must be odd numbers; however, the proposed methodology
can be also applied to differential structures. The delay cells of
the ring oscillator as well as the coupling cells are implemented
as static CMOS inverters.

B. Analysis of CCRO

In this section we analyze the CCRO to determine its oscilla-
tion frequency and phase noise and compare it to a single-loop
N -stage ring oscillator. We also determine the modes of oscilla-
tion and their stability. The analysis in [13] describes how to an-
alyze a system of coupled oscillators to arrive at the different os-
cillation modes and determine their stability using Adler’s equa-
tion for injection locking. However, the above work uses tuned
LC oscillators and not ring oscillators and hence, cannot be di-
rectly applied to our CCRO. Here we follow an approach similar
to that proposed in [6] and [12] while taking into consideration
the cyclic nature of the architecture. We model the main delay
cells and the coupling delay cells as ideal transconductors with
an RC load representing the parallel combination of their output
impedances, as shown in Fig. 4. This model works for both
single ended and differential delay cells. In the case of inverter
based transconductances, the generated current is out-of-phase
with the input voltage. Fig. 5 indicates the current generated by
the main delay cell’s transconductance (7.} and that generated
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Fig. 5. Circuit model of node (2, 2) in the CCRO.

by the coupling delay cell’s transconductance (., ). Both cur-
rents are injected and added into the output node. Writing KCL
at the output node of the second delay cell of the second hori-
zontal oscillator (node (2, 2)) yields

Aedb22 Cd(Aeszz)
R dt
where A is the oscillation amplitude. Assuming hard limiting
transconductors such that we can neglect dA/dt in (1) [12], we

can solve the real and imaginary equations to obtain
degg _ 1 [osc Sin(()gl — 922) —+ Icp sin(ﬁlz — 922)
dt N RC I(,SC COS((921 — 922) + ICp COS(‘912 — 022) '

= I, eif2tm) 4 Ic])ej(912+”) (1)

2)

Generalizing to any arbitrary node (4, ) (¢ is the row index (i =
1...N) and j is the column index (j = 1...M)) we have
df)ij . L Sin(Hm,l — Hij) + k sin(&i,u — H,L-j)

dt ~ RC cos(&iﬂ-,l — 973) + kcos(ﬁi,ljj - 97‘,]')

)

where k = I.,/1,,. is the coupling factor.

Defining the horizontal phase shift ¢; = §;;_1 — #,;; and the
vertical phase shift ¢, = 6, _1; — 8;; for all values of 7 and 7,
and since 8;; = weseit and db;;/dt = wyy. 4, then (3) can be
rewritten as

1 sin(¢;) + ksin(e;)

Wose,i = RC cos(¢;) + kcos(p;) @

If all oscillators lock to the same frequency, wq, and given the
symmetry of the system, then ¢; = ¢ for all j, 1); = ) forall
1 and the oscillation frequency of the CCRO is given as
1 sin(¢g) + ksin(zo)

~ RC cos(¢o) + k cos(zpg)”

W (5)
It should be noted that the oscillation frequency of a single unit
oscillator can be obtained by putting & = 0 in (5) to yield the
same result as given in [12]

tan(¢o)

Wose,single = . (6)

RC

To obtain ¢, we have to note that the horizontal ring oscillator
is composed of N inverter stages (recalling that N is an odd
number) and the total phase shift around the loop has to be 2n.
However, since the injected current ({.;,) is much smaller than
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the oscillators intrinsic current (7,5, ), then each main delay cell
of the horizontal ring oscillator can only supply a phase shift
which is less than /2, i.e., n = 1 only. Therefore, there is only
one solution for ¢ given by

i

¢0=7F+N~

(7
However, for the vertical ring oscillator, the number of inverter
stages is M (where M is also an odd number) and the injected
current (I, ) is much larger than its intrinsic current (I.,) and
hence each coupling delay cell of the vertical ring oscillator can
supply a phase shift which is larger then 7 /2, i.e., the phase shift
around the loop can be multiples of 27. Therefore, there might
be more than one solution for vy given by

My =2nm
27 M
Yo =mn (M) where - <n<M (8)

where different values of n correspond to different oscillation
modes. For example, given M = 3,n = 3 or4,i.e., 1y = 216°
or 288°.

To test the stability of these modes, we perform the pertur-
bation analysis [6] shown in Appendix A. This analysis arrives
at a matrix [A], defined in (33)—(36) which defines the stability
of the different oscillation modes. By finding the eigen values
of the matrix [A] for each available solution for 1y we can de-
termine the mode stability. Eigen values with a negative real
part correspond to a stable mode. Since, the given equations are
complicated to find an analytical solution, numerical methods
were used for specific numbers of NV and M. Results show that
all modes calculated from (8) are stable modes. While [6] sug-
gests that only the mode which undergoes the highest amplifica-
tion grows faster and hence is sustained by the loop, it has been
shown in [14] that startup non-linearity can make another mode
prevail. However, it is noticed that all the stable modes have the
same set of phase shifts. This means that anyone of those modes
will be sufficient for the correct operation of our proposed ap-
plication. More details are presented in Section III-B-1.

Next we carry out the graphical analysis of the CCRO model
shown in Fig. 5 to determine the region of stable modes (allow-
able values of ¥/y). We take the voltage at node (2, 2), Ae?%22,
as the reference so we can plot the phasor diagram of the cur-
rents as shown in Fig. 6(a) [6]. The total current entering the
RC load, I, consists of two components: I,,. with a phase of
¢y = ¢o + 7 = w/N and I, with a phase of ¥) = 4g + .
Hence, I, now lags the voltage by an angle « given by (9) which
depends on ¢q, 1y and k:

sin{go) + ksin(eo)
cos(gpo) + kcos(ehg)

The region of stable modes can be determined using the per-
turbation analysis outlined in [6] and is illustrated as the bolded
area in Fig. 6(b) defined by cxyin t0 pax. Omax happens when
I; is tangent to the circle whose radius is /.;,. The angle ¥, .«
in this case determines the upper boundary of the stable re-
gion of operation. In addition, since the delay cells are inverters
T <ty < 2m,500 < ) < 7 and hence g .. = 0 deter-
mines the lower bound of the stable region. From the geometry

tan(a) =

)
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Fig. 6. (a) Phasor diagram of the currents of the CCRO. (b) Region of mode stability.

in Fig. 6(b) ¥ nax can be determined and used to identify the
region of stable modes and is found to be

T cos (k) + 7.

; = 10
Q/JO,max N ( )

Therefore, for a mode to be stable the value of the corre-
sponding ¥, (calculated from (8)) should be less than 1o max =
10, max — 7 and larger than 7. This is an easier way to determine
mode stability.

Next, we determine the frequencies of the stable modes of
the CCRO. We note that the oscillation frequency of the CCRO
deviates from that of a single oscillator as indicated by (5) and
(6). Hence, we can write the oscillation frequency of a CCRO
as

Wo = Wosesingle T Aw = wp, tan(e)

Q)

where w, = 1/RC.
Using (9) and assuming % < 1, wq can be derived to be

wy .

T sin(20) sin(to — ¢o).
Hence, the frequency of the stable mode depends on the corre-
sponding 4. In other words, if 1)y < ¢¢ then Aw < 0 and fre-
quency decreases («v decreased), while if g > ¢g then Aw > 0
and frequency increases (« increased) and if ¢y = ¢y then
Aw = 0 and frequency is equal to that of a single ring oscillator.
It should be noted that the shift in the oscillation frequency of
the CCRO is scaled down by % indicating that frequency shift is
much smaller than the oscillation frequency.

(12)

Wy = Wose, single +k

C. Phase Noise

One of the advantages of the coupled oscillators is their low
phase noise performance compared to a single oscillator. Power
is increased M times due to the presence of M oscillators
but there are also M more noise sources. However, noise
increases by v/M which results in an overall improvement in
the phase noise performance by v/ M times or 10 log(M) dB.
The mechanical analogy in [15] provides an intuitive insight
of the mechanism of noise reduction. Several coupled systems
have more mass and hence more inertia than a single one
and hence are more resistant to impulse displacements than a
single system. However, some might argue that the phase noise
improvement in M coupled oscillators should be different than
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Fig. 7. Circuit model of node (2, 2) including the noise source.

the case where the power is increased by M times in a single
oscillator because the coupling factor is much less than unity.
An intuitive explanation can be made as follows: A single oscil-
lator dissipating M times the power is equivalent to M in-phase
oscillators connected in parallel. In both systems, any noise
perturbation affects the whole system of oscillators and thus
gets rejected by their large collective power (mass/inertia in
the mechanical model) and hence, the phase noise is improved.
On the other hand, for a weakly coupled system, the oscil-
lators inject small currents into each other and hence require
more time to correct for any perturbation that happens. Thus,
noise perturbations will affect the coupled system differently
according to the frequency of the noise.! Low frequency noise
perturbations will allow the weakly coupled system enough
time to respond and correct for this perturbation and hence
achieve the phase noise improvement while fast perturbations
or high frequency noise will experience less rejection from
the coupled system. Hence, as will be seen from the results of
the following analysis, the value of the coupling factor mainly
affects the bandwidth of the phase noise improvement and
not its value, i.e., the larger the coupling factor, the wider the
bandwidth of phase noise improvement and vice versa.

The circuit model shown in Fig. 7 is similar to that in Fig. 5
except for additional noise currents modeling the total noise of
the active devices of the main delays cells as well as the coupling
cells. The noise current can be viewed as an injection-locking
signal which pulls the oscillator frequency and hence, changes

ITn an oscillating system, this noise frequency is measured as an offset from
the oscillation frequency.
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its phase [12]. We model the noise in a 1 Hz bandwidth at a fre-
quency wy, offset from the oscillation frequency wy as ipedfn
where 8,, = (wg + wy, ). Accordingly, we can apply the pre-
vious analysis but including this noise current. The phase equa-
tion given in (2) is modified to be

(l922 o 1

dt — RC
Ioyesin(far —Oa2) + Iijsin(fra —faz) —

_622)

i sin(f,,

% I[,SC 605(021 *922)4-]””' COS((912 *922) *’L‘n COS(Gn *022) )

(13)

Applying the perturbation analysis and simplifying we can
arrive at the phase noise expression at a frequency offset w,, as
detailed in Appendix B and given here for convenience.

E(wm) _ Sp (;)m)

. 8ET (a2 + 62) 1
B R Igsab4 |dCt(P_M +

M)

‘PMAIF + ‘PM*ZCI]Z

+ P 4 e (1)

where P, C', a and b are functions of k, g, ¢, wm, B and C'
as defined in Appendix B.

The phase noise of a single-loop ring oscillator can be ob-
tained by substituting £ = 0 in the analysis above and is given
by

25, (wm) 1

12

E(w'm) =
o8¢ ‘ (1 + jRCw,, cos? (
2

~ 2
)
|1—|—JRCwm(oq (%)
|1 + jRCw,, cos? (%)| —

27\’

(15)

This expression can be proven to match the expression de-
rived in [12]. For a fair comparison between the phase noise of
the CCRO and a single ring oscillator, we should note the fol-
lowing:

1) The total current used in one stage of the CCRO should be
equal to that of the single-loop oscillator case. From the
analysis done before: I; = I,..v/a? + b2,

2) For the case where N # M in the CCRO, the oscil-
lation frequency of the CCRO deviates from that of the
single-loop ring oscillator as given in (11). This change in
frequency should also be accounted for when calculating
the final phase noise improvement because phase noise de-
grades at higher frequencies.

We now substitute with numerical values in (14) and (15), and
compare the phase noise of the CCRO with that of a single-loop
ring oscillator. A 3 GHz oscillator with a current of I,,. = 7 mA
and £ = 0.1 is assumed for the calculations and only thermal
noise is considered. Fig. 8 plots the phase noise for the cases
of N =3, M =3and N = 3, M = 5. As can be observed
from the figure, the phase noise of the CCRO is less than that
of a single ring oscillator by 101log(M) over the lower range
of frequency offsets (the phase noise improvement bandwidth)
and then degrades and follows that of the single ring oscillator
for higher frequencies offsets. Fig. 9 shows the phase noise im-
provement bandwidth for coupling factors £ = 0.01, 0.1 and
0.2, for the casesof N =3, M =3and N = 3, M = 5. As
mentioned before the coupling factor affects the bandwidth only
and not the value of the phase noise improvement.

We also have to note that the transconductances of the cou-
pling stages are k times smaller than the main delay cells and
hence their output noise currents are & times smaller. Hence, for
ranges of & from 0.2-0.01, shown in Fig. 9, the coupling stages’
noise is 7 to 40 dB smaller. Therefore the noise of the main de-
lays cells is mostly dominant. However increasing the coupling
factor further makes the noise of the coupling stages comparable
to the main delay cells’. Also the output impedance becomes
comparable and hence the frequency of operation drops. Taking
these two effects into consideration one can find the overall
change in the phase noise of the coupled system.
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Fig. 9. Calculated phase noise improvement for the case of (a) N = A = 3 CCRO and (b) N = 3, M = 5 CCRO, for k& = 0.01, 0.1 and 0.2.

TABLE I
PHASE SHIFTS REQUIRED FOR DIFFERENT N -PUSH OPERATIONS

Number . Preserved Cancelled Output
. Phase shifts . .
of Signals Harmonics Harmonics type
2 0°,180° 2,4,6, ... 1,3,5,... Single
2 0°, 90°, 180°, 270° 2,4,6, ... 1,3,5,... Differential
(0°,90°, 180°,270°),
2 (45°,135°,225°,315% 2,46, ... 13,5, ... 1Q
3 0°,120°, 240° 3,6,9, ... 1,2,4,5, ... Single
3 0°, 60°, 120°, 180° 240°, 300° 3,6,9, ... 1,2,4,5, ... Differential
4 0°, 90°, 180°, 270° 4,8,12, ... 1,2,3,5,6,7, ... Single
5 0°,72°, 144°, 216°, 288° 5,10, 15, ... 1,2,3,4, ... Single

III. N-PusH CCRO

A. N-Push Technique

N -push techniques have been used in literature to generate
a higher frequency signal from a lower frequency oscillator
[10], [16]-[18]. The simplest example used for illustration is
that adding two out-of-phase signals cancels the fundamental
tone as well as the odd harmonics and preserves the even ones.
This can be extended to NV -signals with 27 /N phase differences
to produce the Nth harmonic while cancelling all lower order
ones. Table I shows examples detailing the number of needed
signals and their phase shifts that when added together cancels
some harmonics and enforces others. It also details the number
of phases needed for single, differential and I-Q outputs for the
case of frequency doubling. Consequently to apply the NV-push
techniques to the output of an oscillator, it needs to have a
multi-phase output providing the required phases as well as a
limiting circuit that ensures that these signals are rich in har-
monics. The order of the phase shifted signals is not important
in the N-push operation as long as all phase shifts are avail-
able. The price of having a higher frequency is an increase in
the power and area of the /V-push oscillator. Also, phase noise
degrades by a factor of N2 or 20 log(N) dB due to frequency
multiplication.

Ring oscillators inherently provide different phase shifted
signals, and so the N -push technique can be used with signifi-
cantly less area and power overhead than the LC counterparts.
In this work we propose to use the N-Push technique with
CCROs to obtain a low phase noise wideband oscillator as well
as a low phase noise mm-wave oscillator. We illustrate that for
the proposed N-Push CCRO, a higher FOM can be obtained as
described in the two design cases presented next.

B. Design Cases of N-Push CCRO

1) A Wideband 3—12.8 GHz N-Push/M -Push CCRO: The
first design demonstrates a wideband oscillator with a very wide
tuning range using an oscillator with a smaller tuning range [11].
As mentioned before, the proposed CCRO provides N signals
phase shifted by ¢9 = 7 + m/N and provide M sets of those
N -signals shifted by 19 = 7 + (2n + 1)w/M (wheren € Z
and 0 < n < M/2). Hence, we can apply the V-Push tech-
nique to the V signals and M -Push to the M signals to provide
two output signals. By suitable choice of the ring oscillator’s
operating frequency, N, and M, a wide tuning range can be
achieved.

In this work, five three-stage ring oscillators (N =3, M =5)
operating at 1-2.5 GHz using CMOS inverters as delay cells



1284

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 47, NO. 6, JUNE 2012

VDD
Transi Size (um)
Mp 120/0.33
v, 12 My 30/0.33
in <4 Moc 10/0.3
Mnc 6/0.36
Adder VDD
Vi Mpa[Mpa—[Mpa pa M Mpa
I s, V1 V2 Vs Vs Vs Vso
Open Drain
Output Buffer Mna H[MnaH[MnaH[ Mya H[Mna
-
Transistor| Size (um)
Mpa 30/0.08
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Fig. 10. Circuit diagram of the wideband /N -Push/AM -Push CCRO.
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Fig. 11. The output frequency spectrum of the wideband CCRO showing the
bandwidth extension due to the combined [V -push/A -push operation.

are coupled to form the CCRO shown in Fig. 10. The three ver-
tical outputs are added together using an adder stage made of
three CMOS inverters with the outputs tied together to generate
the third harmonic tone and cancel the fundamental tone. The
five horizontal signals are added in a similar fashion to produce
the fifth harmonic as shown in Fig. 10. The N-Push/M -Push
CCRO is tuned by changing the supply voltage of the delay
cells. Ring oscillators can also be tuned by the use of varac-
tors, similar to the case of LC oscillators, without changing the
supply voltage. Hence, eliminating any power variation asso-
ciated with changing the supply voltage. However, using var-
actors will provide a much smaller frequency gain, K., and
hence less frequency tuning range. In addition, if varactors were
to be used they should be placed at all output nodes of the ring
oscillator to preserve the phase shift balance between the output
nodes which consumes more area.

Ilustration of the proposed frequency planning is depicted in
Fig. 11. The N -Push output range is 3—7.5 GHz (frequency mul-
tiplication by 3) while the M -Push range is 5-12.5 GHz (fre-
quency multiplication by 5) giving an overall continuous range
of 3—-12.5 GHz. This output has a tuning range (defined as the
bandwidth divided by the center frequency) of 122.6%. More-
over, including the 1-2.5 GHz range increases the tuning range

S~ Mode 1 Va-”
Mode2 Vs
Fig. 12. The phasor diagram of the relative voltage phases of the different ring
oscillators within the CCRO showing the two stable modes for M = 5.

to 163%. Potential applications of such oscillator would be soft-
ware defined radios supporting several standards and the IEEE
802.16a (2—-11 GHz) standard. This N -Push/M-Push CCRO
can also be used with UWB if employed within a digital PLL
with fast settling times satisfying the stringent requirements of
UWB.

This great boost in frequency tuning range can relax the
design of oscillators and dividers required for wideband appli-
cations. Oscillators can have a lower Ky ¢ and hence lower
noise and dividers can have lower operation frequency, tuning
range and hence power consumption. In addition, this topology
enables the core ring oscillator of the CCRO to run at a lower
frequency. Hence, we can use larger devices for the delay cells
(120 #m/330 nm for the PMOS and 30 xm/330 nm for the
NMOS) which lowers the phase noise as well as reduces the
mismatches between transistors. Moreover the CCRO has a
lower phase noise than a single ring oscillator by M times.

We should recall here that several modes given by (8) can be
stable within the CCRO as proved before. We notice that these
modes have the same set of equally spaced phase-shifted signals
but in different order, as illustrated in Fig. 12 for the case of
M = 5. Hence, for any stable mode the M -Push CCRO will
still work properly. This is because the M -Push technique only
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Fig. 13. (a) Simulated phase noise plots and (b) phase noise difference of the reference /N -push oscillator versus the &V -Push/A -Push CCRO.
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Fig. 14. Circuit diagram of the mm-wave N -push CCRO showing the two outputs having different phases.

needs M equally spaced phase-shifted signals (in any order) to
work correctly. There will be a slight shift in the frequency of
different modes (depending on ¢y as given by (12)) which can
be easily compensated by the PLL loop.

A reference IV -push oscillator with a single-loop three stage
ring oscillator (M = 1, N = 3) is also designed and included
for comparison of the phase noise. The core ring oscillator uses
inverters with transistors having the same sizes as the proposed
CCRO. Fig. 13(a) shows the phase noise simulation plots of the
reference N -push oscillator versus the NV -Push/M -Push CCRO.
An improvement in the phase noise of 6.9 dB is observed for a
bandwidth of nearly 100 MHz and then both curves coincide as
shown in Fig. 13(b).

2) Millimeter-Wave 13-25 GHz N -Push CCRO: The second
design illustrates the advantage of the CCRO in providing a
low phase noise multi-phase millimeter-wave (mm-wave) fre-
quency output. Recall that M coupled ring oscillators have M
times less phase noise than a single-loop ring oscillator. Also,
increasing the power consumption by M times in ring oscil-
lators reduces the phase noise by M times due to faster tran-
sitions for the output signal. Hence, some might argue that to
achieve a phase noise performance similar to that of the CCRO
we can just spend the same amount of power in a single ring
oscillator. This might be true for lower frequencies; however,

it has practical limitations at mm-wave frequencies. High cur-
rents flowing in the transistors and interconnects necessitates
that metal lines have enough width to accommodate those high
currents without inducing reliability issues such as electro-mi-
gration problems. Doing so adds more parasitic capacitances to
the transistors’ output node which limits the highest achievable
frequency of operation. In particular at mm-wave frequencies,
transistors are sensitive to any slight addition of capacitance. In
[19], the upper bound of the achievable phase noise in a ring
oscillator was derived and proven to be dependent on the fr of
the process. However, here we use the coupled structure to re-
duce the phase noise beyond what is achievable from a single
ring oscillator.

In addition, the NV -push operation allows the ring oscillator to
run at a lower frequency. This permits the use of non minimum
dimensions in the delays cells of the ring oscillator. Since flicker
noise current is inversely proportional to the transistor length
and width as given by [20]

52 2
tn K Im

Af - JWLCL®

(16)

increasing W and L while maintaining a constant g,,, reduces
flicker noise significantly [21]. Also, by sizing the PMOS to be
3—4 times the NMOS, symmetry is ensured in the output signal
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Fig. 15. Monte Carlo simulation showing the distribution of the difference in oscillation frequency between two free running oscillators within the proposed

CCROs at (a) 2.6 GHz (b) 4.5 GHz.
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Fig. 16. Chip micrograph.

which leads to a 50% duty cycle signal which means absence of
lower order even harmonics, providing a clean spectrum.

The final advantage of the N-Push CCRO is the availability
of different phases of this mm-wave frequency signal. Ap-
plying N -push to the outputs of each ring oscillator within the
CCRO can provide M multi-phase signals. These mm-wave
multi-phase signals can be used in mm-wave image reject
receivers [1], high speed samplers or time interleaved applica-
tions [2] increasing their frequencies of operation.

A three five-stage CCRO (N = 5, M = 3) is presented in
Fig. 14. The five output signals have a progressive phase delay
of ¢ = 216° in the horizontal direction. In the vertical direction
the phase delay between successive oscillators is ¢ = 240°.
The core ring oscillator produces an output frequency range of
2.6-5 GHz and uses non-minimum lengths of 140 nm to re-
duce flicker noise. The coupling factor between the ring oscil-
lators is 0.022 to reduce any capacitive loading from the cou-
pling stages. The coupling factor can be approximated as the
ratio of the aspect ratios (shown in Fig. 14) of the main delay
cell to that of the coupling delay cell. The outputs of five stage
oscillator are buffered and added (using the same adder shown
in Fig. 10) to produce an output of 13—25 GHz. Similarly, the
outputs signals of a second oscillator are combined to produce
the same 13-25 GHz signal but with a —240° phase shift as il-
lustrated in Fig. 14. Hence, we provide a proof of concept that

' 0.85mm

—
w

—
\© —

Frequency (GHz)
~

.6 0.7

Fig. 17. Measured frequency tuning curve of the wideband 5x3 N -push/A{
-push CCRO.

applying NV -Push operation to the two sides of a CCRO can pro-
duce mm-wave multi-phase outputs.

A general note on the abovementioned CCROs is that mis-
matches between the oscillators within the CCRO can result in
each oscillator having a slightly different oscillation frequency.
To ensure proper operation of the CCRO this frequency shift
should be always kept within the locking range of the oscilla-
tors (which actually depends on the coupling factor). Hence, the
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minimum acceptable coupling factor should ensure a locking
range wider than the shift in the oscillation frequency due to
mismatches between the oscillators within the CCRO.

We run Monte Carlo simulations and calculate the shift in
oscillation frequencies between the oscillators within the de-
signed CCROs (when uncoupled). As shown in Fig. 15, the 30
of the oscillation frequency difference is limited to 15 MHz for
both our designs. The locking range is actually equivalent to the
bandwidth over which the phase noise improves and hence can
be calculated from Fig. 9. For example, for a coupling factor of
0.01, the locking range is 70—100 MHz which is much higher
than the standard deviation of the oscillation frequency differ-
ence.

IV. MEASUREMENT RESULTS

The proposed cyclic coupled ring oscillators are imple-
mented in a 90 nm digital regular V;; CMOS process with nine
metal layers. The chip micrograph, shown in Fig. 16, depicts the
two designs: the wideband 3—12.5 GHz 5 x3 N-Push/M -Push
CCRO and the mm-wave 13-25 GHz 3 x5 N-push CCRO.
They occupy an active area of 0.145 mm? and 0.135 mm?, re-
spectively. The outputs were tested using on-wafer probing, and
the spectrum was measured using the Agilent E4446, 44 GHz,
power spectrum analyzer. However, since both ring oscillators
are free running, measuring the phase noise using the E4446
is not accurate due to drifting of the oscillator tone. Thus,
we used the Agilent ES052B 10 MHz-7 GHz signal source
analyzer combined with the Agilent ES053A 3 GHz-26.5 GHz
microwave down-converter to be able to accurately measure
the phase noise. Agilent E5052B uses a wideband frequency
discriminator technique which can capture the phase noise of
drifting signals.

A. Wideband 3—12.8 GHz N -Push/M -Push CCRO

We first present the measurement results of the wideband
3-12.8 GHz N-Push/M-Push CCRO with N = 3, M = 5.
Fig. 17 shows the frequency of the N-Push output of this
oscillator at 3f, as well as the M -Push output at 5f, versus
the tuning voltage. The oscillators are tuned by changing their
supply voltage. This figure illustrates the continuous frequency
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Fig. 19. Measured phase noise improvement at 1 MHz offset of the CCRO.

operation from 3.16-12.8 GHz with a frequency overlap from
7.24-7.6 GHz. Fig. 18(a) and (b) present the output harmonics
for the N-Push and M -push outputs respectively. They also
show the cancelled lower order harmonics. The fundamental
tone has more than 30 dB of rejection for the N-Push and
40 dB for the M -Push. Although simulations predict 45 dB of
suppression for the third harmonic (similar to the fundamental
tone), it is observed to have only 11 dB of rejection in the
M -push case. This is attributed to supply coupling from the
N-Push output to the M-push output, as buffers and adders
of both stages share the same supply lines. A more optimized
design could turn off the output not in use to avoid this effect.
The reference N -push oscillator is also designed and fab-
ricated for comparison. It runs from 1.11-2.74 GHz with
the N-push output at 3.35-8.23 GHz, which is close to the
frequency of the proposed CCRO. The phase noise curves of
both oscillators are plotted in Fig. 19. A difference of around
8 dB is observed over the frequency range which is close to
the theoretical value of 7.57 dB for a coupling factor of 0.2
as shown before in Fig. 8. This confirms the 10log(M) phase
noise improvement for the proposed coupled topology experi-
mentally. Fig. 20(a) and (b) illustrate the amplitude and phase
noise of both the NV -push and M -push outputs of the wideband
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Fig. 20. (a) Measured amplitude and (b) phase noise of the output as well as (c) the power consumption of the wideband 5 x 3 N -push/A{ -push CCRO.
TABLE 11
COMPARISON OF THE PERFORMANCE OF THE WIDEBAND 5 X 3 N -PUSH/M -PUsH CCRO WITH PREVIOUSLY PUBLISHED WORK
Tuning . Power
Frequency Phase noise @ 1MHz . Technology
Range (GH2) Range (dBe/Hz) consumption (CMOS) FOM;
8 (%) mW)
This 1-2.56 -184.4 —
163 -105.5 @ 7.7GH: 13-200 90!
Work | 3.16-1238 @ z nm -190.4
[23] 1.82-10.18 139.4 -88.4 @ 5.65 GHz 5 130nm -179.34
[24] 2.5-9 113 -85 @ 5 GHz 135 180nm -158.7
[25] 3-11 114 -88 @ 5 GHz 85 190nm -163.8
-112.3 @ 10MH:
[26] 1-94 161.5 @ 2@ 7.4 130nm -183.33
6GHz
[27] 0.8-10 170.37 -90 @ 6.4GHz 6 120nm -162.97
[28] 3-10 107.7 - 0.3-1 90nm -
[29] 1-10.3 164.6 - 3.5-17.25 130nm -

oscillator versus the output frequency. We observe nearly 2 dB
degradation in phase noise due to the shift from frequency
multiplication by 3 to multiplication by 5. Power consumption
is conserved by switching between the two outputs, as the
supply voltage can then be lowered, as shown in Fig. 20(c). The
rms jitter (integrated from 100 KHz to 10 MHz) at the lowest
(3.16 GHz) and highest (12.8 GHz) frequencies is measured
to be 2.13 psec and 0.76 psec, respectively. To the best of the
authors’ knowledge, the performance of the proposed wideband
N -Push/M -Push CCRO is one of the best reported in literature

as shown in Table II. The proposed oscillator has the highest
Figure of Merit for Tuning (FOMr7) defined as [22]

FOMy = L(Af) — 201og (i—(}%) +10log <1§le>
(17)

where L{Af) is the phase noise at an offset frequency A f, TR
is the tuning range percentage and F;.. is the power consumption
in mW.
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Fig. 22. (a) Simulated phase noise at | MHz offset and (b) FOM comparison of the mm-wave N-Push CCRO and the reference single loop oscillator.

B. Millimeter-Wave 13-25 GHz N-Push CCRO

Second, we present the measurement results of the proposed
millimeter wave 13-25 GHz 3 x5 N-push CCRO. We also
designed and fabricated a reference oscillator to compare
with. This reference oscillator represents the fastest three-stage
single loop inverter-based ring oscillator that the process
allows. The loading to the oscillator is minimized through a
six stage tapered buffer to drive the output buffer. Fig. 21(a)
shows the measured frequency tuning curve of both oscillators.
The reference oscillator has an output frequency range of
7.25-15.35 GHz, while the proposed oscillator has a higher
frequency range of 13-25 GHz. To validate the analysis pre-
sented in Section II-B, the measured oscillation frequencies of
both oscillators are plotted in Fig. 21(a) versus the theoretical
values calculated from (5). The figure shows the same trend of
frequency variation with the supply voltage. The difference in
the frequency value is attributed to the fact that the resistance
and the capacitance in (5) are estimated from a DC analysis
while their values are voltage dependent and hence change
throughout the oscillation cycle. The rejection of all the lower
order harmonics is more than 35 dB over most of the tuning

range as shown in Fig. 21(b). The simulated phase noise per-
formance of the proposed CCRO as well as the reference one
is shown in Fig. 22(a). Phase noise of the proposed oscillator
is less than that of the reference oscillator by 6—7 dB over
the tuning range. Since, the output frequencies and power
consumptions are different it is more accurate to compare the
Figure of Merit (FOM) of oscillators defined as

_ AL § f[) 5 Pdc
FOM = L(Af) - 20log (— +10log ({55 ). (18)

Af
Fig. 22(b) shows that there is an improvement of 7 dB in the
FOM of the proposed oscillator across the tuning range. On
the other hand, Fig. 23(a) and (b) show the measured phase
noise and 'O M of both oscillators respectively. Measurement
results show an improvement of 10-20 dB in the phase noise
and 8.7-20.4 dB in the FOM of the proposed oscillator across
the tuning range. The discrepancy in results may be attributed
to several factors. First, measuring phase noise of free running
oscillators is difficult even using the Agilent E5052 signal ana-
lyzer as the device cannot track the carrier tone accurately for
signals with large frequency drifts (due to high flicker noise).
This is more pronounced in the reference oscillator due to its
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higher phase noise and could introduce measurement errors.
However, measurements for the CCRO were more stable.
Second, we suspect overestimation of flicker noise in the noise
models. Lastly, the change in slope in the reference oscillator
phase noise curve can be attributed to measurement errors
due to switching between modes in the signal analyzer after
10 GHz. Fig. 24 depicts a snapshot of the phase noise of the
proposed oscillator at the highest output frequency of 25 GHz
achieving a phase noise of —120.4 dBc/Hz at a 10 MHz offset
frequency. Measuring the phase difference of —240° or (120°)
between the two high frequency N-push outputs was not
possible in the lab due to its sensitivity to any path mismatches
between the two outputs. However, the concept has been
proved in the previously proposed oscillator where the M -Push
output produced the expected output. Moreover we run Monte
Carlo simulations to show that despite the possible mismatches
between transistors the phase difference is still close to —240°
or (120°). Fig. 25 illustrates the Monte Carlo simulation results
showing a mean of —240.59° with a standard deviation of
2.34°. The proposed architecture could also be used to generate
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Fig. 25. Monte Carlo simulations showing the phase difference between the
two outputs of the mm-wave 3 x5 N -Push CCRO in presence of mismatches.

quadrature signals by using four differential delay stages in
the ring oscillators (N = 4) and determining M based upon
the frequency multiplication factor desired. Finally, Table III
shows a comparison with state of the art inductor-less ring
oscillators at mm-wave frequencies. Our proposed mm-wave
N -push oscillator provides competitive performance as well as
the state-of-the-art FOM . Although, [34] uses a ring oscillator
as well to carry out the triple push operation, however, the
advantage of our design is the reduced phase noise due to the
use of the CCRO and a CMOS structure with a symmetric
waveform as well as the availability of several phases for the
output at the high frequency.

V. CONCLUSION

In this work, N -push cyclic coupled ring oscillators are used
to implement a low phase noise wideband oscillator as well as
a low phase noise mm-wave oscillator. Wide tuning range is
achieved because of the availability of multiple sets of phase
shifts from the CCRO. Low phase noise is possible because the
core ring oscillator runs at lower frequencies and hence can have
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TABLE III
COMPARISON OF THE PERFORMANCE OF THE MM-WAVE 13-25 GHz N -PusH CCRO WITH PREVIOUSLY PUBLISHED WORK
Freq Tuning Phase noise Power Area Technology / Available
Range Range @ 1MHz 2 Output FOM
N mW) | (mm) | f;(GHz)
(GHz) (%) (dBc/Hz) phases
This -96.11 @ 0, 120, 240 -159.2
13-25 63.16 37-257 | 0.1350 90nm/140
Work 25GHz " (simulated) to -161.8
28.36- 853 @ SiGe - . .
[30] 11.96 11.94 11.96GHz 87 0.0108 HBT/120 Differential -156
22.5- 87 @ . . .
[31] 25.5 10.53 25GHz 240 0.0225 SiGe/45 Differential -151.89
18.33 - -83.33 @ SiGe- HBT
32 14.47 152 0.0180 I/ -148.03
321 21.19 21.2 GHz /120 Q
13.75- 90 @ InP — HBT . .
[33] 215 43.97 18.69GHz 130 0.1972 1100 Differential -154.29
0.1- 1.2- 90nm CMOS /
1994 | -86@ 25GHz 0.0168 | " Single ended |  -160
[34] 65.8 26.4 110
-69.2 @ 0.13um .
0.2-34 197.66 34GHz 2-70 0.0247 CMOS /98 Single ended -141.4
85@ 0.12um SiGe
[35] 18.5-25 29.89 24 3GHz 105.6 0.1472 BICMOS /200 /Q -152.7

non-minimum length dimensions which reduce the noise contri-
bution. In addition, the use of this coupling topology improves
the phase noise by 101log(M). The CCRO is analyzed using
the generalized form of Adler’s equation for injection locking.
We prove that phase noise improvement due to coupling hap-
pens within a certain bandwidth which depends on the coupling
strength. Outside this bandwidth the phase noise follows that
of a single ring oscillator. The proposed oscillators achieve low
phase noise with higher FOM than state-of-the-art work.

APPENDIX A

Here, we perform the perturbation analysis [6] to determine
the stability of the different oscillation modes derived in (8).
Adding a small signal perturbation 6;; to each /;; we can write

fan = wot + B2
019 =wot + 012 + Yo

f21 = wot + b1 + ®o. (19)

Substituting (19) in (2) and linearizing the equations as-
suming small perturbations, yields

B9

RCT = Xégl + A‘?Yélz — (X + kY)ézz (20)
where
14 kcos(¢g — to)
 [eos(¢o) + k cos(to)]?
k 4 cos(do — o)
Y = . 21
fcos(da) +  cos(o)? @D
Also,
df35 i iy i
RC = X931 + kY 922 — (X + kY)()gg (22)

dt

Hence, the phase equation relating the difference in phase
perturbations is given by subtracting (22) from (20):

dAboy

RC
dt

= XAbyy + kY Abpy — (X + kY )AGyy  (23)
where AéQQ = AéQQ—Aé,‘jQ, Aégl = Aégl —Aégl and Aém =
Abry — Abas.

Writing it in a matrix form to represent all nodes in the CCRO
we arrive at (24) and (25) shown at the bottom of the next page,
where the primary and coupling matrices, P and C, are given
by

X4+ kY 0 0 X
X X+4kY 0 .. 0
P= 0 -X : : :
: - - ) 0
L0 0 —X X4kV] .y
(26)
—kY 0 0
c=| ¥ @)
: L
L0 0 kY ]an

and 0 = zcros(N, N).

APPENDIX B

Here, we perform the perturbation analysis to determine the
phase noise expression of the CCRO. Simplifying (13) we get

g . A .
RCd—iQ = Xy + kY15 — (X + kY )fas
i a2 + b2
+% cos(wmt +7)  (28)
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where X and Y are the same as defined before and a, b and v
are defined as

a = sin{¢g) + ksin(vg)
b = cos(¢g) + k cos(e)o)

b
v = tan ! (—)
a

Assuming that this periodic noise perturbation results in a
periodic change in the phases at w,,, we can write (28) in a
phasor form as

(29)
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[(X 4+ kY) + jwnRC] Oz = X6y,
inVaZ + 02

iad
Iosch

which in matrix form for all nodes of the CCRO becomes (31)
and (32) shown at the bottom of this page, where 199 = i,
Va2 +b2/1,..b%e?” which corresponds to the noise current in-
jected at node (2, 2), i.e., second row and second column. The
matrix C is the same as (27) but P changes to (33) shown at the
bottom of the next page.

The inversion of [A] can be proven to take this form:

+kYO1, + (30)

d “ “
S8 = (4]0 (24)
[ Afy ] [ Afyy T
Ay r.oo 0o . C Abry
Afy (0 r 0 1) Aby;
d A -1
% AHQN — R—C Q Q AQQN (25)
0
Aban 0 0 C P Abart
. L JMNxMN :
-AéM NI pNx -AéM N Jd MNx1
[©] =[4] '] (31)
BE 0
: - \ 41
O1x P 0 0 ¢ 0
N St SRR o
O (& P 0 0
. No2
(‘): S 00 7777777777777777777777 : (32)
2N T RC |~ = 0
0 o
Oann 0 0 ¢ Vil 0
OumN | v L () i

MNx1
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1
At = —
A= Gerpr - om)
lefl CM71 PAM’*QC
PZLIfQC lefl PI\/17302
Pz\/173 02 PLM*QC PAMf-/Lc‘S (34)
Cﬂéfl PC}\172 P]\ifl

MNxMN

It should be noted that successive rows and columns of the
above matrix contain the same terms but shifted by one posi-
tion. From (31) and (34), we observe that the noise ny» injected
at node (2, 2) affects all other nodes in the coupled oscillator.
Hence, to find the effect of the noise currents injected into all
nodes of the coupled oscillator, the noise vector 7 is modified
to

(0] = (in Va2 + 02/ Lsb?)e? [T 1 - 1] nn
and all phase variations are added as the mean square to yield
%2 i2 (a? + b2 1
[@i} _ lnl” T ) S X
Nx1 Ioscb |det(P_M+ C_M)|
[|PM 21"+ P20+ [P G2
i=1...M. (35)

The injected noise is assumed to be white with two noise com-
ponents at wy — w,,, and wg + w,, . The noise power spectral den-
sity of each component is S, (w,,) = i2/2 = 4kT/R. Hence,
the single side band phase noise expressions at the nodes of the
1th oscillator can be given as

[E(W"”)]NXI = M

_ 8KT ((1,2 +()2) 1 y
TR I jdet(PY 4+ OM)P
[|PM*1[|2+|PM*QOI|2+|pM*302[!2+,.‘+|&|2}

i=1...M (36)

where Sg(w,, ) is the phase power spectral density.
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