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VCO in 3-D IC Technology
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Abstract—In this letter, an ultra compact three-dimensional
(3–D) voltage-controlled oscillator (VCO) is presented. By uti-
lizing the through silicon via (TSV) as inductors and variable
bridge topology in the LC tank, the core area of VCO is reduced
significantly with an improved tuning range. Implemented in
a standard 90 nm CMOS process, the VCO consists of the top
and bottom layers connected by TSVs using an in-house devel-
oped 3-D IC technology. The VCO is capable of operating at
43.3–43.9 GHz with a footprint of 0.0022 , and a core area
of only 0.007 which is about one to two orders of magnitude
smaller than that in previous works. The measured phase noise
is (1 MHz offset) at 43.3 GHz with an output
power of . Under a supply voltage of 1.2 V, the VCO
consumes a dc current of 15.4 mA.

Index Terms—Millimeter wave, three dimensional (3-D),
through silicon via (TSV), voltage-controlled oscillator (VCO).

I. INTRODUCTION

S CALING of the device feature size in CMOS technology
is approaching its physical limitation, and continuation of

Moore’s Law becomes even questionable. Also, the chip size
keeps increasing to accommodate more circuit functions, which
makes long interconnects the bottleneck for high speed opera-
tion. A promising solution to address this issue is the three-di-
mensional integrated circuit (3-D IC) technology, which attracts
significant interests recently from both industry and academia.
By stacking chips with through silicon vias (TSVs), the signif-
icant problem of global interconnect delay in traditional planar
design can be resolved, and circuits with high operating speed
and small form factors can be expected.
In addition, the 3-D IC/TSV technology can provide more

flexibility for the design and integration of RF/microwave
circuits. The TSVs exhibit inductive property at high frequen-
cies, which can replace the conventional 2-D planar inductor
for the LC tank in voltage-controlled oscillators (VCOs), and
matching/ peaking in low-noise amplifiers (LNAs) or power
amplifiers (PAs). With a proper arrangement/partition in both
transistor and circuit levels at the beginning of design flow, the
3-D RF front-end with a miniature footprint is achievable. It is
even possible to further integrate with other mixed-mode/base-
band circuits, as long as the “co-design” approach is introduced
in the early design stage.
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Fig. 1. (a) Cross section of face-to-back chip stacking, and (b) TSV structure
and design parameters.

In this letter, we propose using the TSVs as a part of the LC
tank to realize an ultra compact VCO in the millimeter-wave
frequency range, which is an essential building block of the
frequency synthesizer [1], [2]. Using the vertical TSVs to re-
place the planar spiral inductors, the 3-D VCO achieves a small
footprint of only 0.0022 (70 100 310 , not
including bonding pads). Also, a TSV array consisting of four
TSVs with one switching MOSFET in the LC tank forms vari-
able inductance, which allows dual-band operation to improve
the tuning range. By using the 3-D IC technology, the miniatur-
ized VCO can operate at a center frequency of 43.6 GHz.

II. 3-D IC TECHNOLOGY AND DESIGN CONSIDERATIONS

Two types of stacking structures are used in typical 3-D IC
technology including the face-to-face and face-to-back configu-
rations. The former is a relatively simple solution, where the top
die is flipped and mounted onto the bottom die directly. In the
face-to-back structure adopted in this work, the upper wafer is
thinned down first ( ), etched from the back side to form
TSVs, placed on top of the bottom wafer, and then connected by
bumps. Fig. 1(a) shows the cross section of face-to-back chip
stacking, and Fig. 1(b) illustrates the detailed structure of a TSV,
where and are the diameter and length of TSV, respectively.
The TSV is made of copper and surrounded by a thin layer
for isolation. Different geometric parameters can directly con-
tribute to equivalent inductance and quality factor ( ) of TSVs.
Fig. 2 presents the results using 3-D full wave EM simulation

with various and . In Fig. 2(a), the inductance decreases as
increases,while increaseswith ( isfixed at 50 ). Fig. 2(b)
shows that the inductance increases with , but changes oppo-
sitely ( isfixed at 5 ).With anarrower diameter and/or longer
length, the TSV becomes more inductive but the parasitic resis-
tance is also higher. As a result, the inductance increases but
decreases. The dimensions of TSVs used in this design are with

and (fixed in the process), which is corre-
sponding to an inductance of with a quality factor
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Fig. 2. 3-D full wave EM simulated results of TSVswith (a) different diameters
(b) different lengths (solid dot: inductance; hollowdot: quality factor).

Fig. 3. Measured and EM simulated -parameters of a single TSV.

of based on EM simulation. Although the inductance
of a single TSV is fixed in this case, different inductances can be
obtained by combining 2-D transmission lines with one TSV or
multipleTSVs.Theoverallqualityfactor isstillgoodenoughwith
amuch smaller size.
Different test structures were designed and fabricated to in-

vestigate the intrinsic TSV characteristics, and also to verify
the EM simulation results. More details can be found in our
previous work [3]. The fabricated TSV has and

(based on SEM images) due to process varia-
tion. Fig. 3 shows the measured and simulated (size corrected)
-parameters of a single TSV. A good agreement is obtained
between the results.

III. CIRCUIT TOPOLOGY AND ANALYSIS

Fig. 4 shows the circuit topology of the proposed 3-D VCO
using TSVs. The circuit was fabricated in a 90 nm CMOS dig-
ital/mixed-signal process (without the ultra-thick metal UTM
for RF), followed by an in-house developed 3-D IC technology
with TSVs to connect the top and bottom wafers. The comple-
mentary cross-coupled pairs ( , , , and ), realized
in the upper wafer, are employed to compensate the relatively
large interconnect loss due to lack of the UTM and also to en-
hance the negative resistance for oscillation. The LC tank in-
cludes two accumulation-mode MOS varactors in the top
wafer, and also a TSV array with an NMOS switch in the
bottom wafer.
Fig. 5(a) and (b) illustrate the proposed TSV array for vari-

able inductance and the corresponding circuit model, respec-
tively. The 3-D variable bridge design utilizes four TSVs with
the nearby metal feeding lines and a MOS switch to accomplish

Fig. 4. Proposed circuit topology of the 3-D VCO.

Fig. 5. (a) Proposed TSV array for variable bridge inductance and (b) the cor-
responding circuit model.

Fig. 6. Chip microphotograph of the proposed 3-D VCO using TSVs.

dual-band operation, as shown in Fig. 5(a). The configuration
resembles the Wheatstone bridge, which was proposed in a 2-D
VCO design [4]. As shown in Fig. 5(b), an NMOS switch is
placed at the middle of the bridge. Also, an inductance offset
exists among different signal paths. Compared with the typical
variable inductance design using series inductors with a shunt
MOS switch [5], the bridge topology can achieve a higher
with an increased tuning range of the variable inductance. In
the conventional design, the shunt MOS transistor must be large
enough to reduce the parasitic resistances for maintaining a high
when the switch is on, but which also introduces consider-

able parasitic capacitance resulting in decreased tuning range.
In the bridge configuration, the MOSFET is not in the main
signal path, thereby a smaller transistor size is allowed and a
good quality factor can still be expected. Also, the tuning range
will not suffer from the transistor parasitic capacitance.
Although with advantages, one obvious issue in practical im-

plementation is a large chip area required if using four inductors
in a 2-D design. In the proposed VCO, the four inductors in the
bridge are designed by a TSV array, and the offset can be simply
realized by the feeding lines. With a proper 3-D layout arrange-
ment, the area of TSV array is as small as only 40 40 ,
which is also about the total size of LC tank. When the MOS
switch is off, the equivalent inductance from A to B is . On
the other hand, when the switch is on, the equivalent inductance
of the bridge can be determined as [4]

(1)
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Fig. 7. Measured phase noise (1 MHz offset) and output spectrum
( ) of the 3-D VCO.

Fig. 8. Measured and simulated frequency tuning range of 3-D VCO.

TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH PRIOR WORKS

which is reduced by , compared to . The simulated
bridge inductances (based on corrected TSV geometry) varies
from 77.2 to 80.9 pH ( from 65.2 to 71.2). Note the parasitics
introduced by the CMOS switch are considered in simulations,
including both the transistors (RF model from the foundry) and
the interconnects (EM simulation).

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The proposed VCO was fabricated in a standard 90 nm
CMOS 1P9M process, followed by an in-house developed
3-D TSV IC process. Fig. 6 shows the chip microphoto-
graph. The overall chip area (both the top and bottom dies) is
0.61 0.33 including the probing pads, and the core area
is only 70 100 (0.007 ). Fig. 7 shows the mea-
sured output spectrum and phase noise. Under a supply voltage
of 1.2 V and bias current of 15.4 mA ( ), the
VCO is capable of operating at of 43.6 GHz. The measured
phase noise is at 43.3 GHz (1 MHz offset,

switch off) with an output power of . Note a similar
phase noise is observed when switch is on, since the transistor
size is small with a negligible current ( ) flowing through
in the bridge topology. With the TSV array and MOS switch,
the VCO can achieve a dual-band operation and reach a tuning
range from 43.3 to 43.9 GHz (1.4%), as shown in Fig. 8. Also,
the simulated operating frequencies show a small discrepancy
from the measured results.
Table I compares the proposed VCO with previously works

[6]–[8]. The 3-D VCO has an figure-of-merit (FOM) of
[9]. It should be pointed out that a wider tuning

range and lower phase noise can be expected from the 3-D
VCO with high TSV inductance in the bridge topology.
The CMOS digital process without UTM is responsible to the
performance degradation of VCO. The parasitic resistance is
relatively large resulting lower and hence increased phase
noise. Also, the transistor sizes in the cross-coupled pairs need
to be quite large to compensate the loss from the interconnects,
which also introduce a considerable amount of parasitic capac-
itances and reduce the tuning range. Although interconnects
with stacked metal layers can reduce the parasitic resistance,
the parasitic capacitance increases accordingly. Based on EM
simulation, using the stacked metal layers has a greater impact
on limiting the operation frequency of VCO in this design.

V. CONCLUSION

An ultra-compact VCO in 3-D IC technology was demon-
strated for millimeter-wave operation with a footprint of only
0.0022 . Under a power consumption of 18.5 mW, the mea-
sured phase noise was at 43.3 GHz (1 MHz
offset) with a tuning range from 43.3 to 43.9 GHz. Taking ad-
vantage of the 3-D IC technology, the proposed VCO using a
TSV array for variable inductance demonstrated a smallest core
chip area compared with prior works as far as we know.
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