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Abstract — We demonstrate a 2.6 GHz chip--scale oscillator
that measured phase noise better than -1550 dBc/Hz at 1
MHz offset and integrated jitter of just 25 ffs. The part was
designed with differential out and drivees a 100 Ohm
differential load with a mean voltage swingg of 100 to 200
mV. The phase noise at 10 kHz offset is -1110 dBc/Hz. The
device runs at 3.3V and Idd is just over 99mA (including
buffer). Another variant is designed to haave an on-chip
varactor allowing tuning of 615 ppm/V ovver the targeted
0.5 to 1.8 V tuning range. Here, the in
ntegrated jitter
degrades by 2X at 0 V Vtune and we measu
ured 85 fs jitter
at 1.5 V Vtune. Still, the integrated jitter w
was well below
100 fs. The all-silicon packaged part is desiggned to directly
solder down onto a PCB. There are no bon
nd wires used in
the assembly of this device. The height of th
he soldered part
is under 0.25 mm, and the area of the diee is less than 1
mm2. The oscillator uses a Zero Drift Reesonator (ZDR)
FBAR and we see about +/- 100 ppm tem
mperature drift
from -40C to +110ºC. The design uses a cross-coupled
architecture with the ZDR and is ac-coup
pled to a buffer
amplifier.

l
jitter (25fs) at RF
oscillator to achieve extremely low
frequencies. The FBAR or ZDR
Z
wafers can be
fabricated in a wide variety of frequencies. We have
demonstrated 1.7 GHz, 2.6 GHzz, and 3.4 GHz in this
work.
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Index Terms — FBAR, BAW, frequeency reference,
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I. INTRODUCTION
FBAR’s high f*Q product makes it an appealing
alternative to conventional low-jitter RF frequency
synthesis methods. Our previous work demonstrated the
potential value of an FBAR [1], a wafer scale hermetic
package [2], a modified FBAR demonstrating
temperature stability comparable to quarrtz (referred to
as Zero Drift Resonators, or ZDR [3]), aand a sub-mW
oscillator using FBAR [4]. We have also ddemonstrated a
technique for integrating active circuitry into the lid of
the wafer-scale hermetic FBAR packaage while the
FBAR resonator, ZDR, or filter residess on the base
wafer [5]. Because process modificationn of the lid/IC
wafer is minimal, this strategy is compaatible with any
IC technology. Other than imposing an area limitation
on the circuit, no special circuit dessign rules are
required.
Previously we used Pierce and Colpittss oscillators to
demonstrate this FBAR – IC integrated hermetic
package [5]. In this work, we proppose a fullydifferential oscillator that allows large signal swings and
true balanced outputs to drive a 100 load. Unlike
designs using LC-tuned VCOs, we use ann FBAR-tuned

(b)
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Figure 1: Micrograph of disassemb
bled hermetic
oscillator package containing A) lid
d with integrated
active circuitry; B) ZDR base wafer. C)The completed
part with Cu/Ni/Au pads and dimensions of 1.07 mm by
0.89 mm

II. PROCESS OVERVIEW
As described in detail earlier [5], waferr fabrication is
based upon existing processes wherever ppossible. In the
Avago microcap process, the ZDR is fabbricated on one
wafer while a second lid wafer contains through-wafer
vias, pads, bonding structures, and a reecessed cavity
above the ZDR. Figure 1 is a micrographh of an opened
package showing the ZDR die and the lid containing the
active circuitry.
Avago’s HP25
The circuits were implemented using A
silicon bipolar process. Prior to patterninng the standard
microcap lid structures, one additional etch step was
used to remove the inter-layer dielectriic in the field
areas to expose the Si surface. The electroonics require a
highly-doped epitaxial Si layer (<5 -cm
m) that would
short the through-wafer vias, but the epitaaxial layer was
removed between vias during the standardd cavity recess
etch used to form the microcap bonding sstructures. The
lid Au metallization connects the circuitrry to the ZDR
after the wafers are joined together.
Figure 2 contains an SEM cross-sectioon of a bonded
die, in which the relative position of the Z
ZDR and the lid
circuitry are shown. To provide clearaance for wafer
bonding, the circuitry on the lid aaligns with a
corresponding depression in the ZDR
R wafer. Both
wafers are high resistivity Si (>1500 -cm
m) to minimize
parasitic coupling to the ZDR and crosstaalk between the
through-wafer vias. We have retained thee Au-Au wafer
bond that has been proven to provide a highly robust
hermetic seal [6].
The completed chip-scale oscillator is shown in
Figure 1(c), with final dimensions of 1.007 mm by 0.89
mm and a height of 0.25 mm. In this worrk, we have six
external pads and two internal connectionns from the lid
electronics to the ZDR resonator. The C
Cu/Ni/Au pads
allow the part to be directly soldered dow
wn onto a PCB,
eliminating the need for bond wires.

his negative resistance
value of -2/gm. At resonance, th
cancels out the parallel resistance from the load tank
circuit formed by the ZDR and the
t total capacitance at
the oscillator output nodes. The output
o
common-mode is
first sensed through two resistorss, level-shifted through
replica transistor N5, and then feed into the base of the
foot transistors to form a negativee-feedback stabilization
loop. At low frequencies, thee FBAR resonator is
capacitive. The loop gain at low frequencies
f
is therefore
high, potentially allowing osccillation at undesired
frequencies. To prevent parasiticc modes of oscillation,
we have inserted a capacitor C1 att the emitters of N1,2. At
low frequencies, the capacitor acts
a
as an open circuit.
The loop gain is lowered as the transconductance
t
of the
cross-coupled pair is degenerateed by N3,4 [6]. At high
frequencies, the capacitor acts as
a a short circuit. The
cross-coupled pair exhibit high
h transconductance as
their emitters see a virtual groun
nd. As a result, a high
loop gain ensures proper oscillaation. The capacitance
value is chosen to minimizee loop gain at low
frequencies and maximize loop gain
g
at the frequency of
interest. In another variant, varaactors are added at the
outputs to provide tuning capabiliities.
The outputs of the oscillator are AC-coupled to the
buffer, designed to drive a 100 differential
d
output load.
The buffer uses a modified emiitter-follower topology,
where the signal drives the follo
ower transistors N8,9 as
well as the current source transisttors N10,11. This currentreuse
technique
effectiveely
doubles
the
transconductance and gain of th
he buffer for the same
current consumption. AC-couplin
ng through C4,5 separates
the DC bias voltages for N8,9 and
d N10,11. High current in
the buffer is required to drive 100 ; however, this
reduces the base resistance at the input of the buffer. To
avoid loading down the resonaant tank, we insert a
Darlington current buffer stage between the oscillator
and the buffer. By scaling down the current in the N6,7,
we increase the base resistance and
a minimize de-Q-ing
of the resonant tank.

Figure 2: Cross-section SEM of FBAR/bip
polar process
showing full finished die.
ON
III. CIRCUIT IMPLEMENTATIO

Figure 3 shows the fully-differential oscillator and
buffer circuits that are integrated into thhe lid. All bias
circuitry is integrated. Cross-coupled N
NPN transistors
N1,2 generate a negative resistance with an equivalent

Figure 3: Schematic of the osciillator and buffer.

IV. EXPERIMENTAL RESULTSS
The completed chip-scale oscillatorr is flip-chip
bonded to a PCB. External componeents include a
decoupling capacitor between power annd ground, as
well as DC-blocking capacitors at tthe two VCO
outputs. For measurement purposes, a balun is also
employed at the output for differential-tto-single-ended
conversion.
The total bias current from the oscillatoor core and the
buffer increases from 7.5 to 12.5 mA, whhile the output
power increases from -11 to -3.8 dBm whhen the supply
varies from 2.75 to 4.25 V (Figure 4). The simulated
oscillator current ranges from 1.2 mA too 2 mA as the
supply increases from 2.75 to 4.25 V.

(A)

Figure 4: Measured oscillator current (lefft) and output
power (right).

Relative to a conventional FBAR, thee ZDR device
removes the linear temperature drift arounnd a fixed turnover temperature (TOT), yielding a reesidual second
order temperature dependence on the ordeer of -15 to -30
2
ppb/˚C . The ZDR in these devices haave a TOT of
approximately 40˚C. Fig. 5(A) shows the frequency
drift of the oscillator attached to a 22.6 GHz ZDR
resonator when the temperature varies bbetween -40 to
110˚C. To improve oscillator temperatuure stability to
below 100ppm (over a 100˚C temperatuure range), we
could include a feedback loop to measurre temperature
similar to the one described in [5]. Fig. 5 (B) shows the
frequency change as a function of suupply voltage.
Approximately 250 ppm of frequencyy variation is
observed over a ±10% change in the supply voltage (at
3.3V). Frequency sensitivity over a 2:1 cchange in load
VSWR is on the order of 15 ppm.
For the oscillator, we experimented witth two kinds of
ZDR resonators: one with a highh Rp (lower
Q) acoustic stack and one with a lower Rp (higher Q)
acoustic stack. The latter stack in the oscilllator gave 3 to
8 dB better measured phase noise (1kHz tto 1 MHz) and
the measured jitter was 25 fs. However, the output
power was approximately 6 dB lower.

(B)
Figure 5: (A) Measured oscillator frequency drift as a
function of temperature. (B) Measured oscillator
n of supply voltage.
frequency variation as a function

Different applications of this technology
t
will lead to
different optimal partitioning. For
F example, a highperformance PLL could use the ZDR/bipolar chip as a
low noise VCO with the digital functionality
f
integrated
onto a separate CMOS chip. We used bipolar devices
for three reasons: first, this proceess has a higher fT than
comparable legacy inexpensiv
ve CMOS processes.
Secondly, the lower 1/f noise of BJTs provides a
significant improvement (6-8dB
B) in close-in phase
noise. Finally, the gm/Id ratio is 2-3x higher than a
MOSFET biased in strong inversiion for high fT.
Figure 6 shows the measured phase noise profile of
the free-running oscillator when attached
a
to three FBAR
resonators of different frequenciies, all with a high Rp
stack (1.7, 2.6, and 3.4 GHz). Wee achieved better than 143 dBc/Hz phase noise at 1 MHz
M
and an integrated
jitter of 44 fs across all oscillaators. As expected, the
phase noise is degraded by apprroximately 6 dB when
frequency doubles (from 1.7 GHzz to 3.4 GHz).
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signal swings and achieves jitter as low as 25fs. The
ZDR resonator is fabricated at the wafer level with the
circuitry, which provides an extremely small form factor
3
and (0.24 mm ) minimal parasitics in a robust chip-scale
package.
TABLE 1. DESIGN AND PERFORMANCE SUMMARY

3.4 GHz
2.6 GHz
1.7 GHz

Figure 6: Phase noise of the oscillators with 3 resonators
of 1.7, 2.6, and 3.4 GHz respectively, measured with an
Agilent 5052 signal source analyzer.

The on-die varactor is used to pull the resonant
frequency of the oscillator to compensate for
temperature drift as well as any frequency variation due
to processing uncertainty. An oscillator pulling range of
800 ppm is measured with the voltage on the integrated
varactor varying from 0.5 to 1.8 V (Fig. 7). We measure
less than 2000 ppm spread in the oscillator frequency
across wafer.

Figure 7: Measured tuning curve of ZDR oscillator.

Table 1 summarizes the performance of the 1.7 GHz
oscillator implemented in this process and compares
with related state-of-the-art. Since we are not targeting
low-power applications, the current consumption of this
work is higher than the prior work[5]. However, the faroff phase noise is better than reported previously.
V. CONCLUSIONS
We have presented a high-frequency, low-jitter
frequency source using a ZDR-tuned oscillator
implemented in a single-chip ZDR/bipolar process. A
fully-differential oscillator allows large differential

Integrated FBAR
Hermetic
Freq (GHz)
Icc (µA)
Vcc (V)
L(1 kHz) dBc/Hz
L(10 kHz) dBc/Hz
L(100 kHz) dBc/Hz
L(1 MHz) dBc/Hz

This Work
Yes
Yes
1.7
1500
3.3
-81.2
-107.8
-130.4
-149.9

IFCS’10 [5]
Yes
Yes
1.5
300
1.8
-80
-104
-124
-138

ISSCC’06 [7]
Yes
No
5.4
1700
2.7
-63
-93
-118
N/A
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