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Abstract—This paper describes the design of an integrated
coupled-oscillator array in SiGe for millimeter-wave applications.
The design focuses on a scalable radio architecture where multiple
dies are tiled to form larger arrays. A 2 2 oscillator array
for a 60-GHz transmitter is fabricated with integrated power
amplifiers and on-chip antennas. To lock between multiple dies, an
injection-locking scheme appropriate for wire-bond interconnects
is described. The 2 2 array demonstrates a 200 –MHz locking
range and 1 4 array formed by two adjacent chips has a 60-MHz
locking range. The phase noise of the coupled oscillators is below

100 dBc/Hz at a 1-MHz offset when locked to an external ref-
erence. To the best of the authors’ knowledge, this is the highest
frequency demonstration of coupled oscillators fabricated in a
conventional silicon integrated-circuit process.

Index Terms—BiCMOS integrated circuits, coupled oscillator,
mutual injection locking, phased arrays.

I. INTRODUCTION

U
NLICENSED operation in the 59–64-GHz band is stimu-

lating novel radio architectures for millimeter-wave inte-

grated circuits. The available bandwidth offers gigabit/second

data rates, and high absorption at 60 GHz is an important

feature for dense networking. Transceiver circuits that operate

at millimeter-wave frequencies have been demonstrated in

silicon germanium (SiGe) fabrication technologies [1]–[3].

However, the integration of a complete phased-array trans-

ceiver with antennas on a single chip offers new design choices

and opportunities [2]. Phased-array designs at the 24-GHz in-

dustrial–scientific–medical (ISM) band have demonstrated new

receiver circuit architectures [4]–[9]. This paper demonstrates

the application of a new circuit approach based on coupled-os-

cillator arrays for millimeter-wave phased-array designs in a

standard SiGe integrated-circuit technology.

To maintain phase coherence between phased-array ele-

ments, oscillators on different dies must be phase locked. While

coupled phase-locked loop architectures can maintain the phase

relationship between neighboring oscillators [7], [8], coupled

oscillators are well suited for fully integrated phased-array

circuits. The wavelength at 60 GHz allows for several array
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Fig. 1. Coupled-oscillator scheme for fully integrated phased-array transmitter.
Each oscillator drives a transmit chain with a DAC controlled phase shifter,
power amplifier, and antenna.

elements to be located on a single die. Consequently, an os-

cillator can be placed on each die or at each transmit element.

One particular advantage of an on-chip coupled-oscillator array

is the distribution of the carrier frequency between different

transmit elements. Previous integrated phased-array imple-

mentations distribute 16 phases across the entire chip, results

in large amounts of silicon area dedicated to wiring and high

power consumption [4]. Global frequency distribution becomes

increasingly difficult at millimeter frequencies. By co-locating

an oscillator at each transmit stage, closer control of the delay

mismatches between the local oscillator and the mixer stage is

possible.

Scalable architectures are particularly appropriate for cre-

ating large phased arrays by tiling several dies. In Fig. 1,

scalability is demonstrated for a phased-array transmitter. The

phased array requires phase coherence between all elements.

Since each chip requires frequency generation, neighboring

chips are injection locked to ensure phase coherence. If oscil-

lators are located at each antenna element, injection locking

can lock the oscillators both on-chip and between chips. This

tiling approach is useful not only for phased arrays, but also

for applications where the separation between antennas might

be several wavelengths. Consequently, this design approach

focuses on an injection-locking scheme appropriate for an on-

and off-chip coupled-oscillator array.

In this transmitter implementation, a two element by two el-

ement (2 2) array of transmitter cells is integrated on a single
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chip with antennas. In [5], array scalability originally motivated

investigation into a coupled-oscillator topology. This paper ex-

pands on the design details of the coupled-oscillator array by

describing the interconnect structure for subharmonic injection

locking, as well as the circuit implementation of the injection-

locked voltage-controlled oscillator (VCO). Additional results

illustrate the circuit operation in the time domain. The measured

results show that the phase noise of each element can be sup-

pressed when locked to an external source across a single chip,

as well as across two chips.

In Section II, we summarize the analysis of coupled oscilla-

tors and explain the motivation of using these circuits for fully

integrated phased-array elements. In Section III, we discuss the

circuit design of the coupled-oscillator cell and the coupling net-

work. Finally, the results for the coupled-oscillator array are pre-

sented and compared to the performance of individual oscilla-

tors in Section IV.

II. COUPLED OSCILLATORS

Adler described the unilateral locking phenomena in coupled

oscillators [10] and Kurokawa later studied the microwave dy-

namics [11]. The basic phase relationship between neighboring

oscillators is

(1)

where and are the phase

difference and natural frequency detuning between the local os-

cillator and an injected signal, is the carrier frequency, is

the quality factor for the oscillator, and and are the os-

cillator and injection currents. The locking range is defined as

twice and allows the phase difference to

theoretically vary from 90 to 90 . The frequency detuning re-

lationship is demonstrated in [10]. Increasing the locking range

is possible with increasing or decreasing . The passive

components of the tank bound the oscillator and strongly af-

fect the oscillator phase noise. From a testing standpoint, we use

the injected current to control the locking range

Bilateral oscillator arrays were first proposed by Stephan

[12]. York and Compton [13], York et al. [14], and York and

Itoh [15] proposed coupled oscillators for electronic beam

steering through injection at the periphery of the array. The

effect of bilateral injection locking is to modify the behavior

in (1). In this case, the phase dynamics of the array produce a

linear phase gradient across the array. In [15], the dynamics for

a coupled-oscillator array with bilateral and external injection

locking for beam steering are described as

(2)

where and are the frequency

detuning and phase difference between the th and oscil-

lators, and and are the external injection current and

phase, respectively. The continuum dynamics for beam steering

have been studied by Pogorzelski et al. [16] and experimental

Fig. 2. Impact of different dielectric mediums for the interconnect scheme and
the radiation network. The coupled oscillators will not necessarily be separated
by half a wavelength at the subharmonic frequency. The coupled oscillator is
connected by a transmission line with attenuation � and propagation constant
�. The impedance on the line is Z .

results have recently demonstrated the array pattern for oscil-

lator arrays of discrete components [17].

In integrated circuit implementations, the process, voltage,

and temperature (PVT) variations between different oscillators

introduce phase errors between neighboring elements. For

process variations, the design is subject to less variation across

a single die than across different wafers. Therefore, the fre-

quency range ensures the locking of the array must be greater

when considering locking between different dies than locking

between oscillators on a single die. Other characteristics of

coupled-oscillator dynamics are worth consideration. First, the

phase noise increases with the frequency detuning between

neighboring oscillators [18]. Additionally, the phase noise

limits the allowable frequency detuning. As the edges of the

locking range are approached, the oscillators can lose lock.

For this reason, coupled-oscillator arrays have found a limited

role in beamsteering since 60 is necessary between array

elements for beamforming. Secondly, stability analysis of

coupled-oscillator dynamics demonstrates the possibility of

unwanted modes in large arrays [19], [20].

Instead of exploiting the phase relationships in (1) and (2)

to control the beam angle, this study instead relies on injection

locking solely as a means to distribute and phase lock the car-

rier signal across a single chip and between neighboring chips.

The locking range consequently must be large enough to sat-

isfy the PVT variations in a particular integrated-circuit tech-

nology. Slight supply variations shift the natural frequencies of

neighboring oscillators, as will be demonstrated in Section IV.

The relative phase control of each transmit stage is indepen-

dently provided with digital-to-analog (DAC) controlled mixers

for beamforming and data modulation. This circumvents many

of the problems of relying on coupled-oscillator dynamics for

beamsteering.

Finally, we consider the coupled-oscillator network as it

applies to the phased-array transmitter. The distance between

neighboring oscillators that are co-located with the antenna is

dictated by the half-wavelength spacing in air or, if a silicon

lens is used to focus the antenna pattern, in silicon [2]. This is

illustrated in Fig. 2. One of the advantages of using a silicon

lens is that the distance between array elements will be much

shorter since silicon has a dielectric constant of 11.9. However,

the coupling network in a standard silicon process will be

located in the metal stack and, consequently, propagate through
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a different dielectric, i.e., silicon dioxide. It is interesting to

consider the number of wavelengths of the th subharmonic of

the oscillator frequency that separate the neighboring elements

(3)

where is the dielectric constant of the silicon dioxide and the

radiating medium. could be chosen to minimize the attenu-

ation over the interconnect. The choice of the subharmonic fre-

quency will be discussed in Section III. Notably, if the first sub-

harmonic is used and the radiative dielectric is air,

the interconnect will be approximately one-half of the subhar-

monic wavelength. However, if the radiative dielectric constant

is instead silicon, the interconnect length is reduced to 0.14 of

the subharmonic wavelength. By matching the impedance of the

oscillator source to the coupling interconnect, the impact of the

propagation constant is primarily reduced to the role of attenu-

ation on the coupling signal.

One final consideration regarding the use of coupled-oscil-

lator arrays for beamsteering applications involves the phase

jitter of each oscillator. Ideally, neighboring oscillators should

have identical phases, but the phase noise of each oscillator is in-

dependent and the limited injection-locking bandwidth between

oscillators causes a statistical variation, known as phase jitter,

that corrupts the mean phase between the neighboring oscilla-

tors. The cycle-to-cycle phase jitter between two oscillators can

be expressed as

(4)

where is the power spectrum of the phase of each os-

cillator and is assumed to be identical for both oscillators. In

many cases, the power spectrum of the phase can be estimated

from the measured phase noise . Consequently, the

phase noise of each oscillator must be suppressed sufficiently

through injection locking to minimize the phase error between

neighboring elements. Any contribution to the phase jitter will

degrade the beam pattern and induce an error vector for data

communication.

III. SCALABLE TWO-DIMENSIONAL (2-D)

COUPLED-OSCILLATOR ARRAYS

The basic coupled-oscillator topology is shown in Fig. 3. The

2 2 phased array contains four oscillators at each transmit

(TX) stage. The block diagram demonstrates the implementa-

tion of the oscillator cell. Each oscillator is designed to operate

at 40 GHz. Isolating the oscillator from the power amplifier

and antenna is critical because on-chip coupling is difficult to

accurately model and severely degrades performance through

pulling between the oscillator and power amplifier [21]. By

shifting the oscillator frequency to 40 GHz, the unwanted

coupling is reduced. The oscillator is divided to 20 GHz and

mixed with the 40-GHz signal to achieve the 60-GHz in-phase

(I) and quadrature (Q) components.

Fig. 3. Coupled-oscillator schematic. The oscillators are coupled along two
dimensions. The coupling network operates at one-third the carrier frequency.

A. Interconnections

Coupling between different dies requires considering the in-

terconnect. If wire bonds are used to provide the interconnect

between two dies, frequencies above 20 GHz are strongly at-

tenuated through poor matching and reflections. These losses

reduce the injected current strength between the neighboring

dies and weaken the locking range described in (2). Tiling chips

at half-wavelength spacings keeps the inter-chip spacing small

200 m and minimizes the wire-bond inductance. Conse-

quently, we choose to injection lock at a subharmonic of the

local oscillator frequency. The first subharmonic at 20 GHz is

available from the carrier generation scheme described above

and illustrated in Fig. 3. Since the static dividers provide I and

Q signals, we propose an I/Q scheme for coupling within a 2-D

array of oscillators. In Fig. 3, the 20-GHz I signal is coupled

along the -axis while the Q signal is coupled along the -axis.

Consequently, each oscillator in the integrated 2 2 array re-

ceives an I and Q subharmonic signal from its neighbors.

Coupled oscillators can simplify the distribution of high-fre-

quency carrier energy over a phased array. However, electro-

magnetic simulations indicate the on-chip antenna will radiate

substantially within the silicon substrate and silicon–dioxide

metal stack since the dielectric constant of silicon is much

higher than air [2]. The presence of a global transmission line

interconnect grid absorbs part of this radiated energy. The

transmission-line structure for the coupling interconnects was

modified to reduce the absorption of radiated energy. The in-

terconnect transmission line is illustrated in Fig. 4. The ground

plane is a bathtub, which shields the differential interconnects

from the substrate similar to the transmission lines described

in earlier microwave and millimeter-wave designs [22], [23].

The bathtub ground plane, however, is severed every 200 m to

avoid the absorption of radiated millimeter-wave energy. The

differential coupling signal travelling in the transmission line

is relatively unaffected by the severed ground plane since the

return currents in this structure are localized. IE3D simulations
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Fig. 4. Interconnect structure with severed bathtub to prevent coupling to inte-
grated antenna.

Fig. 5. Measured interconnect S-parameters over 1 mm of interconnect.

indicate that the characteristic impedance of the lines changes

by less than 5%. A segmented-ground transmission-line test

structure was fabricated to compare the -parameters with a

regular bathtub transmission line. The measured -parameters

are compared in Fig. 5 and demonstrate that the loss of the

segmented transmission line over 1 mm is around 3 dB and did

not vary much between the segmented and normal transmis-

sion-line structure at 20 GHz. However, the measured return

loss is increased by 3 dB at 20 GHz due to the severed ground

plane.

B. Frequency Doubler

Since the injected signal is a subharmonic of the oscillator

frequency, the injected frequency must be multiplied. At each

oscillator, the I and Q injection signals are provided from the

neighboring oscillators. Injection locking with both I and Q sub-

harmonic signals increases the second harmonic power since

. A circuit schematic for the

frequency doubler and oscillator is shown in Fig. 6. The I/Q sig-

nals are picked up by a receiver that drives back-to-back bipolar

devices. These transistors are biased below the forward active

region to generate strong second harmonic content through rec-

tification. Changing the bias voltage allows control over the

injected current at the second harmonic. The basic collector cur-

rent dependence on the base–emitter diode voltage is

(5)

Fig. 6. Injection locking and VCO topology.

where is the saturation current, is the base–emitter

voltage, and is the thermal voltage. If we assume that the

bases are driven with a differential ac-coupled injection signal

, the sinusoidal dependence in the exponent

is expressed through the series expansion

(6)

Odd harmonic terms cancel when the injection current is

added at the collector. One back-to-back transistor pair is driven

by I, the other one by Q. Since the second harmonic remaining

at the collector has a 180 phase difference (90 multiplied by

2), the differential signal is generated for oscillator coupling.

Consequently, the even harmonics remain in the current in-

jected into the VCO tank circuit.

Additionally, resistor degeneration at the emitter of the

bipolar transistors provides common mode rejection. Emitter

degeneration is introduced with the resistor in the emitter

and the base–emitter voltage changes to

(7)

where is the common mode current. Recalculating (5), the

differential collector current for the I and Q paths is

(8)
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Finally, the difference of the expressions in (8) gives the de-

sired injected signal

(9)

The injected current is twice the frequency of the I/Q signals

and depends quadratically on the amplitude of the injected cur-

rent. Adding the currents in (8) gives the total current through

the emitter resistor

(10)

The bias current is constant through the stage, but depends on

the input power as the differential current did in (9). For small

current levels, this transcendental equation can be approximated

with a series for the exponential dependence on . In this

case,

(11)

When the tail resistance is small, , and

the total current depends on the power of the injected signals.

For larger power levels, the total current saturates as

. For a tail resistance of 20 , this current is roughly

1.3 mA. Substituting (11) into (9), the differential mode current

is

(12)

For large power levels, the total differential current saturates

at

(13)

Hence, the differential injection current contains only en-

ergy at the twice the subharmonic and the amplitude of the

injection signal is independent of the injected power level. For

, the differential current swing should be greater

than 1 mA. However, this equation only describes the current

when no dc bias is provided across the base–emitter junction.

In reality, the base–emitter voltage drop can also be fixed to

increase the amount of injection current. An ADS simulation

of the complete frequency doubling circuit is demonstrated in

Fig. 7. The simulation is performed as a function of the injected

subharmonic voltage swing. Different values of tail resistance

and base–emitter voltage are shown in the plot. The results

provide a comparison for the amplitude of injected current at

the subharmonic and carrier frequency.

Larger resistance provides more rejection of the subharmonic

frequency, but limits the current injected into the tank. For this

Fig. 7. Current injected into the VCO at oscillator and subharmonic frequency.

design, we chose 20 for the tail resistance as a tradeoff be-

tween the desired injection current and the rejection of the sub-

harmonic frequency. Additionally, varying at the tail resis-

tance can provide a dc bias that puts the bipolar devices closer

to the forward active region. This effect is plotted in Fig. 7 for

V. Now the injection current depends weakly on

the input subharmonic power and the injection current remains

fixed at around 4 mA. However, the circuit also provides less

rejection of the subharmonic energy.

Consequently, the subharmonic energy is efficiently con-

verted to the oscillator frequency energy through the use of a

frequency-doubling scheme. Now we turn our attention to the

coupling of the injected signal into the VCO.

C. Injection-Locked Oscillator

Energy can be injected at many different points of the oscil-

lator core. Injection-locked frequency dividers inject energy in

the tail of a cross-coupled differential pair [24]. However, the

tail is useful primarily for superharmonic injection locking be-

cause the emitter or source node of the differential pair is a

virtual ground at the oscillator frequency. Alternatively, cou-

pled oscillators have been proposed for quadrature generation

[25], [26]. These schemes use a differential pair connected in

parallel to the cross-coupled pair in the oscillator core to in-

ject energy. The sizing of these devices and injection current

control the coupling strength. This topology can be difficult to

implement at millimeter-wave frequencies because the parasitic

loading can result in a narrow or reduced the tuning range. Other

papers have shown direct injection locking for quadrature gen-

eration through a separate differential stage that drives a ring

oscillator [27].

For this design, the frequency-doubler output is coupled into

the VCO core with a coupled transmission line. The coupled

transmission line is part of the VCO tank circuit to reduce the

effect on the oscillator tuning range. Unfortunately, the coupled

transmission line also limits coupling strength. -parameter

simulations of coupled transmission lines in this fabrication

technology are shown in Fig. 8. The simulations are swept
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Fig. 8. S-parameters for coupled transmission lines in injection-locked VCO.

for three different transmission-line lengths. At 40 GHz, the

coupling between the injection-locking circuit and the VCO

depends on the coupling length. The 50- m lines show a

15-dB coupling strength between the two circuits while

the 200- m lines provide 7-dB coupling. Interestingly, the

coupling reaches a maximum around this value and decreases

at higher frequencies. In this case, the total inductance of

the transmission-line tank of the VCO limited the coupled

transmission-line section length to 100 m, providing 10-dB

coupling. The lower coupling strength at 20 GHz provides

additional rejection of the subharmonic energy. The coupled

transmission line rejects the subharmonic frequency by 5 dB

for the 100- m length compared to the oscillator harmonic

frequency.

On the left-hand side of the schematic in Fig. 6, a simple

cross-coupled nMOS VCO is shown. The oscillator tank con-

sists of the combination of the transmission line and coupled

transmission for inductance and varactor diodes. The tuning

range of the VCO is over 4 GHz, approximately 10% of the car-

rier frequency. Notably, the oscillator self-mixing enhances the

frequency tuning range at 60 GHz by the ratio of 3 : 2, and the

tuning range should remain 10% of the oscillator frequency.

IV. RESULTS

The coupled-oscillator array was constructed in IBM 8HP,

a 130-nm SiGe process with bipolar and CMOS devices. The

maximum of the bipolar devices is 210 GHz. The array is

shown in Fig. 9 and occupies an area of 3.5 mm 5 mm. The

wavelength of a 60-GHz signal determines the spacing between

on-chip antennas. In air, the array spacing is roughly

2.5 mm. However, the array is intended to radiate through the

die substrate where a silicon lens is used to absorb the radi-

ated energy [2]. Consequently, the array spacing is designed

for and the array spacing is 0.7 mm. Unfortunately,

the element spacing is too restrictive given geometry considera-

tions for the on-chip antenna and the array spacing was chosen

for 1.7 mm. This limits the beamsteering and causes undesir-

able sidelobes, but is still useful for the proof-of-concept. The

enlarged version of one cell shows the antenna, which resides

approximately 200 m from the five pads on the lower metal

layers, as well as the power amplifier, DAC controlled phase

Fig. 9. Chip microphotograph for complete 60-GHz transmitter with a close-up
view of one array element.

shifter, mixers, and injection-locked VCO. The antennas are

placed on the lower metal layers to provide better power cou-

pling to the silicon lens. The coupling interconnects run along

the top and right-hand side of the cell to four pads that allow

wire bonding to a neighboring dies. Each oscillator consumes

25 mA for the static frequency divider and 125 mA for the os-

cillator, frequency doubler, and coupling buffers. The current is

increased by the use of the quadrature injection locking scheme

since each oscillator drives four 50- buffers.

The VCO frequency varies between 35.5–39.5 GHz, falling

3.5 GHz below the desired range of 39–43 GHz. The tuning

curve for each of the oscillators is shown in Fig. 10. The vari-

ation in the oscillator tuning range varies with location. The

southern oscillators have a higher natural frequency than the

northern oscillators. Additionally, the output power of these os-

cillators is approximately 3 dB lower. To prevent coupling be-

tween the antenna and large power supply connections on chip,

the power supply was provided along an axis perpendicular to

the on-chip antennas in the microphotograph in Fig. 9. Conse-

quently, both northern oscillators are located closer to the power

supply pads and the resulting drop in power seems most likely

due to voltage drop along the supply lines. As the oscillators are

tuned together, the locking range determines the usable oscil-

lator frequency range.

To characterize the performance of the coupled-oscillator

array, a VCO test structure is initially measured under injec-

tion-locking conditions. The phase noise of the free-running

oscillator, as well as the locked oscillator is demonstrated in
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Fig. 10. Tuning range for each oscillator in 2� 2 array. The difference between
the natural frequencies of each oscillator is greatest near the highest frequencies.

Fig. 11. Phase noise of reference, injection-locked oscillator, and unlocked
oscillator.

Fig. 11. The locked oscillator phase noise tracks the injected

reference with 6-dB higher phase noise. The injected signal

is at 20 GHz and the phase noise is measured at 40 GHz.

Consequently, there is a 6-dB penalty in the phase noise of the

locked on-chip oscillator. At 1-MHz offset, the phase noise of

the locked oscillator is 112 dBc/Hz. The injection-locking

characteristics are measured as a function of injection power.

In Fig. 12, the carrier frequency is measured as a function of

the injected subharmonic frequency. At dBm, the

locking range is around 60 MHz and increases to 320 MHz

at dBm. To verify these locking-range results, we

compare the expression for the locking range to these measured

results. If the locking range is 320 MHz and the tank is

around 10 at 40 GHz,

mA
MHz

GHz
mA

(14)

Comparing this to our simulations in Fig. 7 provides agreement

about anticipated injection current levels.

In Fig. 13, the testing scheme for the coupled oscillator is il-

lustrated. The external reference drives a 20-GHz signal through

a power splitter and an I/Q coupler. The second signal from the

power splitter is divided down to 10 GHz and used to trigger

Fig. 12. Locking range for the VCO as a function of injected power.

Fig. 13. Testing scheme for the coupled-oscillator array.

an Agilent 81600C oscilloscope. The I/Q signals from the cou-

pler are delay matched to externally lock the coupled-oscillator

array. The I signal is fed to the East edge and the Q signal is

fed to the South edge. Additionally, the locking is controlled

on-chip through the bias voltage of the frequency-doubling cir-

cuit, as described in Section III. For testing the 2 2 array, each

oscillator can be probed with the high-speed sampling head in

the oscilloscope or the spectrum analyzer. The oscillator be-

havior is studied by observing the 20-GHz injection-locking

signal of the oscillator.

In Fig. 14, the phase noise of the 2 2 coupled-oscillator

array structure is shown with and without injection locking. In

this case, the average phase noise of each oscillator is around

93 dBc/Hz at 1-MHz offset. Next, a 10-dBm external refer-

ence is injected at the northeast and southeast oscillators. The

injection current, controlled with , was set to draw 8 mA

per cell. The oscillator phase noise was consecutively measured

without changing the operating conditions. The phase noise of

the injection-locked VCOs is around 114 dBc/ Hz at 1-MHz

offset. The locking range for the array under these conditions is

approximately 200 MHz. The operation of the locked array is

limited by the natural frequency and power variations for each

oscillator. This also affects the phase noise of each oscillator in
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Fig. 14. Phase noise of each oscillator in 2� 2 single chip array: (top) without
and (bottom) with injection locking.

Fig. 15. Phase of each oscillator in array across locking range.

the array. This supply and bias mismatch dominates the process

and temperature variations that might occur on-chip.

The phase of each oscillator can also be measured at 20 GHz

with a high-speed sampling scope. The externally injected

signal is used to trigger the high-speed scope. The phase pro-

gression of each oscillator is demonstrated in Fig. 15 and is

normalized to zero to provide relative comparison of the phase.

The maximum oscillator phase variation is at most 60 to

80 over the 200-MHz locking range. This locking range is

measured at the subharmonic frequency, but the phase variation

is calculated for the actual carrier frequency. Voltage variations

strongly influence the locking range. Note that the southern

oscillators tend to have a greater phase range due to the weaker

oscillator current. Any phase offset between the oscillators can

be compensated with the DAC controlled mixer that provides

phase shifting.

Fig. 16. Phase noise of northwest oscillator as a function of frequency de-
tuning.

Fig. 17. Phase noise of oscillators across a 1� 4 array with two different dies.

Additionally, the frequency detuning between the reference

and the oscillator was scanned to measure the change in the

phase noise in Fig. 16. As demonstrated in [18], the phase noise

changes as a function of the frequency detuning depending on

the frequency offset. The curve qualitatively agrees with those

predictions as the phase noise increases near the edges of the

locking range. To achieve the best phase-noise performance

across a grid of oscillators, the frequency detuning of all the

oscillators should be minimized.

Finally, a 1 4 oscillator array is measured in Fig. 17 with

an external injection signal of 10 dBm at the NE oscillator of

die #1. The testing scheme described in Fig. 13 is altered to in-

clude a second die. The coupling ports of the two chips are wire

bonded together and the southern oscillators on both chips are

turned off. As before, the spectrum analyzer and oscilloscope

can probe each of the oscillator injection locking ports to mea-

sure the array behavior. The locking range under these condi-

tions is roughly 60 MHz and is reduced partly because only the

in-phase signals are used to injection lock the array. The phase

noise of the locked oscillator closest to the external reference

is 110 dBc/Hz at a 1-MHz offset. Each consecutive oscillator

has phase noise of 105, 107, and 108 dBc/Hz. The phase

noise would ideally increase across the array. Instead, the irreg-

ular shift in phase noise may result from the natural frequency

detuning between the neighboring oscillators. Nonetheless, the
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Fig. 18. Oscilloscope waveforms for 20-GHz injection signals across 1 � 4
array.

low phase noise across the two chips is encouraging for demon-

strating larger arrays by locking on-chip oscillators to off-chip

reference signals.

The phases of each oscillator in the 1 4 array are shown

in Fig. 18. The phase shift introduced between the two dies is

nearly 180 , while the phase difference between the on-chip os-

cillators is smaller. This is presumably related to the difference

in the injection strength between chips, as opposed to between

oscillators on the same chip. This degradation in the injection

frequency can also result in the lower locking range of the 1 4

array. The impedance of a short (0.2 mm) wire bond can be es-

timated as nH GHz and induces mismatch

in the interconnect between two dies.

V. CONCLUSION

This paper has described the implementation of a coupled-os-

cillator array integrated in an SiGe process for millimeter-wave

applications. The coupled oscillator employs quadrature sub-

harmonic injection locking to couple neighboring phased-array

elements both on-chip and between chips with wire-bond in-

terconnects. Measurements of the oscillator array demonstrate

reduced phase noise when locked to an external reference. The

locking range was measured to be 200 MHz for the oscillators

on a single die and is limited by the process and voltage varia-

tions that exist over the large die area.
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