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Abstract—Design and implementation of a millimeter-wave
dual-band frequency synthesizer, operating in the 24 GHz and
77 GHz bands, are presented. All circuits except the voltage
controlled oscillators are shared between the two bands. A
multi-functional injection-locked circuit is used after the oscil-
lators to simplify the reconfiguration of the division ratio inside
the phase-locked loop. The 1 mm x 0.8 mm synthesizer chip is
fabricated in a 0.18 pum silicon-germanium BiCMOS technology,
featuring 0.15 pm emitter-width heterojunction bipolar transis-
tors. Measurements of the prototype demonstrate a locking range
of 23.8-26.95 GHz/75.67-78.5 GHz in the 24/77 GHz modes, with
a low power consumption of 50/75 mW from a 2.5 V supply. The
closed-loop phase noise at 1 MHz offset from the carrier is less than
—100 dBc/Hz in both bands. The frequency synthesizer is suitable
for integration in direct-conversion transceivers for K/W-band
automotive radars and heterodyne receivers for 94 GHz imaging
applications.

Index Terms—Bipolar transistor oscillators, divide-by-three,
dual-band, frequency conversion, frequency synthesizers, in-
jection-locked oscillators, millimeter-wave integrated circuits,
phase-locked loops, radar, 24 GHz, 77 GHz.

. INTRODUCTION

EXT-GENERATION short- and long-range automotive
radar sensors, operating in the millimeter-wave (MMW)
spectrum, will almost certainly be manufactured in silicon (Si)
or silicon-germanium (SiGe) technologies. SiGe is already a
proven technology for automotive radars in the 24 GHz band [1],
[2], and recent work has demonstrated its potential for MMW
applications as well. Highly-integrated MMW SiGe transmitters
and receivers, intended for 77 GHz radar applications as well as
the more popular 60 GHz band, have been reported in recent lit-
erature [3] [11]. Performance of SiGe technology for imaging
applications in the W-band (94 GHz) and D-band (140 GHz) has
also been explored [8], [9]. Recently reported SiGe transceivers
have achieved record operation frequencies in the vicinity of
170 GHz [9], [11]. With further improvements in transistor per-
formance, it is likely that SiGe will emerge as the technology
of choice for beyond-100-GHz applications including passive
imaging and short-range communications.
Similar to the trends in cellular and WLAN applications
during the last decade, low-cost requirements will necessitate
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multiband operation with lower component count in future gen-
erations of radar sensors. For instance, long- and short-range
detection can potentially be combined by integration of
22 29 GHz (hereafter referred to as 24 GHz, for brevity) and
77 GHz radars on a single chip [12]. A paramount challenge
for these systems, however, will be the ef cient generation of
multiple frequencies on a single-chip while maintaining ade-
quate isolation between different frequency bands. In this work,
we describe the rst attempt to design a dual-band frequency
source for such systems.

Only a few frequency synthesizers have been reported in the
MMW spectrum, mostly for the 60 GHz band [13] [17] and
only two targeting the W-band [18], [19]. In this paper, we
present a highly-integrated MMW frequency synthesizer, based
on the work rst reported by the authors in [19]. The design
has been implemented in a 0.18 um SiGe BiCMOS process
featuring 200/180 GHz fr/fmax heterojunction bipolar tran-
sistors (HBTs) with 0.15 pm emitter-width. All circuits except
the voltage-controlled oscillators (VCOs) are shared between
the two radar bands, and a seamless recon guration of division
ratio is incorporated. All components except the loop Iter are
integrated on-chip. The synthesizer design is targeted for inte-
gration within a dual-band automotive radar direct-conversion
transceiver chip [12]. It can potentially be utilized in a 94 GHz
heterodyne receiver for imaging applications, as described later.

The remainder of this paper is organized as follows: Section 11
discusses the architectural considerations for the dual-band syn-
thesizer. The circuit design and analysis of key building blocks
of the synthesizer are described in Section 111. Measurement re-
sults carried out on an experimental synthesizer prototype are
presented in Section IV. Finally, Section V provides concluding
remarks.

Il. DUAL-BAND ARCHITECTURE

The block diagram of the proposed dual-band architecture
for the MMW frequency synthesizer is shown in Fig. 1. It con-
sists of two LC VCOs, a divide-by-three injection-locked circuit
(ILC),! a divide-by-32 emitter-coupled logic (ECL) frequency
divider, a divide-by-8 static CMOS frequency divider, a CMOS
phase/frequency detector (PFD), a CMOS charge pump (CP),
and an off-chip low-pass Iter (LPF). In the W-band mode, the
77 GHz VVCO is enabled and the division ratio is 768. The ILC
is injection-locked to the 77 GHz VCO output. In the K-band
mode, the 24 GHz VCO is enabled. In this mode, the ILC is
locked to the 24 GHz VVCO output and thus acts as a tuned buffer,
resulting in a division ratio of 256. Although the ILC could be

1Hereafter, the circuit is referred to as ILC in order to avoid confusion between
its two injection-locking modes.
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Fig. 1. Block diagram of the 24/77 GHz dual-band frequency synthesizer.

used as a VCO for the K-band mode (with the 77 GHz VCO
disabled), the ILC phase noise is inadequate for this purpose.
This is because the ILC in this work incorporates a tank with a
relatively low quality factor (Q) in order to achieve a wide injec-
tion-locking range. The proposed scheme allows the use of the
same low phase noise reference input in both operating bands
of the synthesizer. The reference frequency of the synthesizer is
92 105 MHz.

A key building block that signi cantly in uences the overall
performance of a phase-locked loop (PLL) or frequency synthe-
sizer is the frequency divider in the feedback loop. Frequency di-
vision presents stringent trade-offs between operating frequency
range, power consumption, and phase noise. Static dividers can
achieve a broad operating frequency range, but at the cost of
high power dissipation and phase noise. On the other hand,
injection-locked frequency dividers (ILFDs) can achieve high
operation frequency and low phase noise with moderate current
consumption, due to their LC tank-based operation. It is not sur-
prising then that an ILFD is often employed as the rst divider
stage in MMW frequency synthesizers [3], [13], [15] [19].

With an input signal of 77 GHz, a divide-by-two ILFD would
provide an output frequency of 38 GHz. Although a static
divider could be used following the divide-by-two ILFD, an
additional ILFD would still be preferred to the lower power
dissipation and improve the phase noise, thus resulting in
two back-to-back divide-by-two ILFDs. On the other hand, a
divide-by-three circuit would divide the 77 GHz input down to
26 GHz, a frequency range in which static dividers can provide
acceptable performance. Considering that ILFDs can achieve
higher (>2) division ratios [13], [20], we determine that a
divide-by-three ILFD is thus the optimum topology requiring
no additional ILFDs in the divider chain. Moreover, recog-
nizing that the divide-by-three output is in the 26 GHz band,
a technique for dual-band operation is readily implemented,
as discussed above and further elaborated in Section Ill. It is
interesting to note that a divide-by-four ILFD is also feasible
[21], [22], but would require a higher input power to achieve
the same locking range as a divide-by-three ILFD. In summary,
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the use of a divide-by-three ILFD enables a simple architecture
for dual-band operation while also relaxing the requirements of
the MMW divider-chain.

As mentioned earlier, the proposed synthesizer can also be
employed in a 94 GHz heterodyne receiver. The 77 GHz VCO
output can be used as the rst local oscillator (LO) signal for
the down-conversion of the 94 GHz input and the quadrature
outputs of the divide-by-6 output (i.e., the output of the second
divider) can provide the second LO signal. The synthesizer is
therefore highly versatile and can serve as a useful building
block in several MMW applications.

Next, the circuit design details of the key building blocks of
the synthesizer are described.

1. CIRcUIT DESIGN

A. 24 GHz and 77 GHz Voltage-Controlled Oscillators

Several MMW VCOs have been reported in recent literature
[14] [19], [21], [23] [25]. While some novel topologies have
been introduced, cross-coupled and Colpitts oscillators remain
the most popular due to their simple design and usually adequate
performance. The design of MMW cross-coupled oscillators in
SiGe and BiCMOS technologies has been constrained by the
relatively low maximum achievable oscillation frequency of a
BJT/HBT-based negative-resistance cell. This is due to the high
base resistance of bipolar devices. The oscillation frequency
limit fuivrr,cc, de ned by the point at which the effective neg-
ative resistance of the cross-coupled pair becomes positive, is
given by [26]

1
+ Rg
9m (1)

fLIMIT,CC = fT RB T RE

where g,, is the device transconductance, and Rz and Rg are
the base and emitter physical resistances, respectively. Fig. 2(a)
shows the simulated equivalent parallel resistance looking
into the cross-coupled pair, R.q, for the 0.18 ym BiCMOS
technology used in this work, indicating an frivr,cc Of
about 77 GHz. This restricts the practical operating frequency
of cross-coupled oscillators in this technology to less than 60
GHz. Similarly, the maximum achievable oscillation frequency
funurr,corp Of a Colpitts oscillator can be expressed as [26]

fr
, = 2
fuvrr,corp \/27r02 (Rs + Bn) )

where C5 is the emitter degeneration capacitance in Fig. 2(b).
Unlike the cross-coupled case, the frequency limit of a Colpitts
oscillator depends on the capacitances used to form its tank and
is ultimately limited by the parasitic capacitances of the device.
As con rmed by the simulation results2 of Fig. 2(b), a Colpitts
oscillator can achieve higher oscillation frequency (a maximum
of 135 GHz in the used technology) than a cross-coupled de-
sign. Note that (1) and (2) are approximate and exact values
must be obtained through simulations; nevertheless, these limits
provide great deal of insight in designing MMW oscillators.

2Note that the graphs in Fig. 2 represent the highest oscillation frequencies
possible for the corresponding topologies. Device sizes and bias currents were
varied to locate the optimum for each topology and ideal passives were used.
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Fig. 2. Comparison of frequency capabilities of different oscillator topologies:
(a) cross-coupled, (b) Colpitts, and (c) Colpitts with inductive degeneration.

v indicates the frequency at which the equivalent parallel resistance of
the active core turns positive, thereby preventing oscillation start-up.

Moreover, frivir,cc can be used to characterize device tech-
nologies in addition to the conventional gures-of-merit, f7 and
fvax [27]. Itis also noteworthy that CMOS technologies do not
suffer from a low frivrr,cc because gate resistance of MOS-
FETs can be minimized by optimizing the multi- nger layout
of the transistor [28]. Consequently, the choice of topology for
CMOS oscillators is governed by other performance parame-
ters rather than the maximum achievable oscillation frequency.
For instance, a Colpitts oscillator may still be preferred over
a cross-coupled topology due to its better phase noise perfor-
mance and higher tuning range, even though it may have a lower
frmvrr in CMOS, as demonstrated in [29].

Due to the aforementioned reasons, the 77 GHz VCO design
inthiswork is based onamodi ed differential Colpitts oscillator
topology shown in Fig. 2(c) [25], [29]. Compared to a Colpitts
topology, the design employs additional inductance for emitter
degeneration. A simpli ed model for analysis is shown in Fig. 3,
where Zpgg is an arbitrary degeneration impedance. The base
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Fig. 3. Colpitts topology with an arbitrary emitter degeneration impedance.
The table shows the oscillation frequency of the circuit as the degeneration
impedance is varied.

inductance Lp is also included to complete the tank circuit. If
ZpEg s purely capacitive, the topology reduces to a simple Col-
pitts oscillator, whereas if Zpgg is purely inductive, the circuit
fails to oscillate. Furthermore, if Zpgg isa parallel LC network,
the effective impedance can be inductive, capacitive or resistive,
depending on whether the operating frequency is lower than,
higher than or equal to the LC resonant frequency wprg =
1/v/LprgCa, respectively. It is readily inferred that wprg is
the lower limit of the oscillation frequency for the topology of
Fig. 2(c), because the degeneration impedance below this fre-
quency becomes inductive. Since the oscillation frequency must
be above wpgq, the degeneration impedance is capacitive and
an effective capacitance can be de ned as

Coei(w) = Co [1 = (%)1 . 3)

w

From (3), it is observed that a higher oscillation frequency can
be achieved with this topology, as also predicted by the simula-
tion results in Fig. 2(c). Although this simplistic picture is com-
plicated by the presence of non-idealities such as nite quality
factors of the degeneration inductance and capacitance (formed
partly by lossy varactors), simulations indicate that higher oscil-
lation frequencies can indeed be achieved by optimizing the de-
generation impedance. The oscillation frequency, fr.c, for this
topology can be expressed approximately as shown in (4) at the
bottom of the page, where C{ = C1 + C/ (1 + gm RE), Cr IS
the base-to-emitter capacitance, and C,, is the base-to-collector
capacitance [29]. Due to the complicated dependence of f7.c on
circuit components in (4), simulations are necessary to estimate
the maximum achievable f1c. As indicated in Fig. 2(c), this fre-
quency limit, funrr,zc, is in the neighborhood of 145 GHz for
the technology used in this work.

1| @1+ CLs + (G + C2)Lope +/[(C} + Cu) L + (Cf + Ca) Lppal? — 4(C} + C)CaLs Lia

fre =

4
2 2(C1 + C,)CoLpLpEa )
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Since phase noise is one of the most critical speci cations
to meet in MMW systems, it is important to study the effect
of LC emitter degeneration on the phase noise of the Colpitts
oscillator. The phase noise of a conventional Colpitts oscillator,
based on Leeson s model [30], is given by [31]

IS S A
2 V3 C{Q(C{JFCQ)Z Aw?

SA¢out,cOLP =

where Sasout,corp denotes the phase noise spectral density,
12 is the average input white noise power of the transistor, Vo,

is the tank swing, and Aw is the offset from the carrier angular
frequency. Itis shown in Appendix | that for a Colpitts oscillator
with capacitive degeneration given by Cs ¢ in (3), the phase
noise is expressed as

B g
2VO2LC 2 [(%)C,JFCQ] Aw?

Sagout,LC =

where k is given by

k= <wDEG ) 2 (7)
wrLc
and wr ¢ is the oscillation frequency of the emitter-degenerated
oscillator. Since k£ < 1, as discussed earlier, and Vo r.c > Vo
(Appendix 1), the denominator in (6) is always larger than that
in (5). Therefore, it can be inferred from (5) (7) that LC degen-
eration improves the phase noise of the Colpitts oscillator.
Since Leeson s model does not account for the time-variant
nature of the device-noise-to-phase-noise conversion, a linear
time-variant (LTV) model based on impulse sensitivity function
(ISF) [32] [34]is now used to examine the phase noise of the os-
cillator topologies (see Appendix | for details). The phase noise
of the conventional Colpitts oscillator, taking only collector shot
noise and tank noise into account, is

kgT 1 2 —ncoLp 1
4V3 RrC3 niopp (1 Aw?

8)
where kg is the Boltzmann s constant, Rt is the equivalent par-
allel tank resistance, and ncorp is given by

_a
Ol + 0y

SAqimut,COLP =
- nCOLP)

©)

ncoLp =

The LC emitter-degenerated Colpitts oscillator exhibits a lower
phase noise (as shown in Appendix I) expressed as

5  ksT 1
Agpout,LC — 4VOQ7LC RTCQQ
2 — nrc 1 1
) . : 10
nic(l=nwe) (1—k)?® Aw? (10)
where
C C
nrc = - : (11)

Cl 4 Coe (wro) - Ci+(1-Fk)Cy
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Fig. 4. Schematic of the 77 GHz differential Colpitts VCO with LC emitter-
degeneration.

Intuitively, the loaded quality factor of the tank is increased,
because the frequency-dependent capacitance Cs o results in
a steeper phase transition at the oscillation frequency [25]. The
faster transition manifests itself into a direct improvement of the
phase noise of the oscillator. It is noteworthy here that if Zpgg
is a parallel LC network, the tank in Fig. 3 is readily identi ed as
a fourth-order network. Recent work corroborates the potential
of higher-order networks in achieving high oscillation frequen-
cies [17], [18], [24], [29], [35].

The circuit schematic of the 77 GHz VCO is shown in Fig. 4.
Microstrip transmission lines 7} and 75 are used at the HBT
base terminals to realize small tank inductance (~ 25 pH) with
a high @ (~ 20). A center-tapped spiral inductor with 150 pH
half-inductance is used to realize the emitter degeneration.
As discussed above, the emitter degeneration also improves
the tuning range of the oscillator because the xed portion of
the effective tank capacitance is reduced. Tail current sources
consisting of active devices are replaced by resistive biasing
in order to avoid additional noise contributions. Moreover,
LC emitter-degeneration helps in Itering the noise from the
bias resistors. Metal insulator metal (MIM) capacitors C4
and C3 (150 fF) are employed to implement the additional
base-to-emitter capacitances. The linear MIM capacitors re-
duce the effect of the voltage nonlinearity of the base-to-emitter
device capacitances on the VCO phase noise. At 77 GHz, the
Q@ of 0.18 ym MOS varactors is too low to sustain oscilla-
tions with suf cient margin. Therefore, frequency tuning is
achieved by using HBT varactors Q3 and @4 (10 x 3 um)
with variable base-to-collector junction capacitance of 85 fF
to 110 fF (Crax/Chmin =~ 1.3). The simulated @ of the HBT
varactors is 10 at 77 GHz. The varactors are connected to the
VCO tank through dc-blocking MIM capacitors C> and Cjy
(0.5 pF), which operate beyond their self-resonant frequencies.
Differential operation is achieved by connecting two MIM
capacitors C5 and Cg (55 fF) across the emitters of the two
HBTSs, Q1 and Q2 (4 x 5.5 um). The VCO has been designed
for a center frequency of 78 GHz with a simulated tuning range
of 4 GHz to compensate for process variations and modeling
errors. The VCO circuit draws 10 mA from a 2.5 V supply.

Authorized licensed use limited to: Stanford University. Downloaded on August 15, 2009 at 17:52 from IEEE Xplore. Restrictions apply.



2104

LO+°—1—C1"—><—"F‘—°LO-

Fig. 5. 24 GHz cross-coupled VCO schematic.

At 24 GHz, a cross-coupled oscillator can be employed, as
the operating frequency is suf ciently lower than frmvir,cc,
and the topology achieves acceptable phase noise. An additional
advantage is that a cross-coupled pair LC oscillator requires
smaller loop gain than a Colpitts oscillator in order to start os-
cillating. Therefore, the cross-coupled topology results in lower
power dissipation for the 24 GHz VCO. The schematic of the
differential LC oscillator used for the 24 GHz VVCO is shown
in Fig. 5. The center-tapped inductor L (200 pH) and accumu-
lation-mode MOS varactors M; and M, form the VCO tank.
The varactor capacitance can be varied from 175 fF to 275 fF
(Cmax/Cmin =~ 1.6). MIM capacitors Cy and C> (0.75 pF)
are employed to prevent forward biasing the base-to-collector
p-n junction. Similar to the 77 GHz VCO, resistive biasing is
used instead of an active tail current source to avoid phase noise
degradation. The simulated tuning range of the VCO is from
24 GHz to 28.5 GHz. The 24 GHz VVCO requires a bias current
of 4 mA.

Each of the two VCOs is followed by two emitter-follower
buffer stages, to provide suf cient isolation from the output
load. The two VCO signals are then multiplexed together via an
open-collector differential ampli er stage. The open-collector
outputs of the 24 GHz and 77 GHz differential buffer chains
are tied together and then connected to the load resistors. A
digital control signal is used to switch between the two bands
by turning on or off the NMOS tail current sources in the two
differential pairs. At the same time, the unused VVCO is disabled
to avoid any leakage into the other band and to reduce power
dissipation.

B. Dual-Mode Injection-Locked Frequency Divider

As discussed in Section II, harmonic injection-locked
frequency dividers are attractive at MMW frequencies as they
have lower power consumption and lower phase noise than
static frequency dividers. Intuitively, ILFDs have lower power
consumption as there is little energy loss in the tank in each
oscillation cycle, whereas more energy is required to charge
and discharge the device capacitances in static dividers. This is
also analogous to the difference between ring oscillators and
LC oscillators, where LC oscillators can achieve higher oper-
ation frequency and lower phase noise. These improvements
in the LC-tank-based injection-locked circuits are achieved at
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Fig. 6. Schematic of the dual-mode injection-locked circuit. The table lists the
functions realized by the circuit in different operating modes.

the expense of the operating frequency range of the circuit.
Consequently, ILFDs suffer from a smaller locking range than
that of static dividers.

In this work, an injection-locked circuit is employed to seam-
lessly recon gure the division ratio between the two bands of the
frequency synthesizer. The output of the ILC consists of a tank
tuned in the 24 GHz band. When the input frequency is either
77 GHz or 24 GHz, the ILC output is phase-locked to the input
signal. In other words, the circuit implements two functions: (i)
frequency-division by three for a 77 GHz input and, (ii) tuned
buffer for a 24 GHz input. Note that the ILC can not lock to a
48 GHz input (second harmonic of 24 GHz), as discussed later
in this section.

Few injection-locked divide-by-three circuits operating in the
MMW spectrum have been reported in the past [13], [36], [37].
In this work, a cascode HBT-based injection-locked LC oscil-
lator circuit, based on the work reported in [13] and [20], has
been designed to realize a division ratio of three. As mentioned
before, a key feature of our design is its additional capability
to act as an injection-locked oscillator for the fundamental fre-
quency input. The ILC schematic is shown in Fig. 6. The circuit
resembles a conventional cross-coupled LC VCO except that the
tail current source has been replaced by an input pseudo-differ-
ential pair consisting of two common-emitter HBT ampli ers
Q1 and Q». The stand-alone ILC has three modes of operation
as described next. However, during proper functioning of the
dual-band synthesizer, only Modes | and |1 are apparent. Never-
theless, the third mode is critical for startup of the oscillations;
we call it Mode 0.
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Fig. 7. Equivalent circuit of the ILC in the free-running mode.

1) Mode 0: Free-Running Operation: If no signal is applied
at the input of the ILC, the circuit operates as a free-running os-
cillator at 24 GHz. Although it may seem that the circuit will fail
to oscillate due to the emitter degeneration of the cross-coupled
pair by the large output resistance of the HBT current sources,
a closer examination proves otherwise. A simpli ed equivalent
circuit of the free-running ILC is shown in Fig. 7. The circuit is
essentially a cross-coupled LC VCO with capacitive emitter de-
generation. The capacitive degeneration, in fact, results in lower
power consumption because it reduces the required negative re-
sistance of the active cross-coupled pair [38]. The minimum re-
quired transconductances for oscillation in the absence and pres-
ence of capacitive degeneration are given by

_ 14 (wCxRp)?

m 12
g 7 (12)
and the gquadratic equation
2
1+ (wCﬁRB - ng"E)
(13)

Im = R

respectively [38], validating the lower required power dissipa-
tion of the emitter-degenerated VCO.

2) Mode I: Injection-Locked Oscillator: If a differential 24
GHz signal is applied at the ILC input, the output locks to the
input frequency, and the circuit essentially operates as a tuned
buffer. The LC tank provides the additional phase shift required
to shift the output frequency from the free-running oscillation
frequency. The two-sided locking range wy, of the ILC in this
mode is given by [39]

Wo KI
wL - —_—

Q /1-K?
where w, is the free-running tank frequency, @ is the tank
quality factor, and K = I,,,;/I4. < 1 is the injection strength.
Injection-locked circuits typically suffer from a limited locking
range. From (14), it is observed that the locking range can
be enhanced by increasing the injected signal power and by
reducing the tank Q.

3) Mode II: Injection-Locked Divide-by-Three: In this mode,
a 77 GHz differential signal is injected into the ILC input. This
injection signal modulates the free-running state of the LC

(14)
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tank. Due to the nonlinearity of the active cross-coupled pair,
several intermodulation products result from the multiplication
of the input signal and the tank oscillation. It is important to
note that the virtual ground of the differential pair in a conven-
tional LC oscillator is non-existent in the ILC described here.
Therefore, the even harmonics generated by the cross-coupled
pair are not suppressed, enabling the divide-by-three operation
(Appendix 1I). For a suf ciently large input signal, the ILC
output is locked to the intermodulation product at one-third
of the input frequency. As shown in Appendix IlI, the upper
bound on the locking range of the divide-by-three ILC can be
expressed as

w, Kras
Q o

where «; and «y denote the small-signal conversion gain and
the second-order nonlinearity, respectively, of the equivalent
mixer formed by the cross-coupled pair. It is noteworthy here

that the ratio a1/ is de ned as the second-order intercept
point (I P) of a circuit [40] and (15) can be recast as

Wo KI

Q IPZ,cross—couplcd

Itis readily inferred from (16) that lowering the I P, (i.e., higher
even-order circuit nonlinearity) of the cross-coupled pair will
improve the locking range of the divider.

As indicated by (14) and (15), the ILC has a smaller locking
range in the divider mode than that in Mode | because as /vy is
typically less than unity. To compensate for this and the lower
gain at 77 GHz, higher current is drawn by the ILC in this mode.
Alternatively, the current consumption in Mode | can be de-
creased to obtain the same locking range as that in Mode II.
Since the ILC locking range around its free-running frequency
is small, varactors are used to tune the center frequency of the
ILC. This necessitates the implementation of a calibration tech-
nique to align the center frequency of the ILC to that of the VCO,
so that the PLL can lock to the correct frequency (Section V).

One may wonder if the ILC, operating in Mode I, would lock
to the inevitable second harmonic of the 24 GHz input. Fortu-
nately, the underlying differential operation of the cross-coupled
pair precludes locking to the second harmonic of the input. The
even harmonics of the input produce in-phase signals at the ILC
output, as discussed in [41].

In accordance with the foregoing discussion, the tank @, the
varactor Crax /Chin ratio (= 1.4), and the input differential am-
pli er gain have all been optimized in order to maximize the
locking range and the free-running tuning range of the ILC. The
tank inductance (200 pH) has a Q of 9 at 25 GHz and MOS var-
actors (9 x 3 umx 0.5 um) have been used to provide a tuning
range from 24.5 GHz to 28.3 GHz. The varactor nger length
and width were optimized for a wide tuning range, at the ex-
pense of a little degradation in Q. The ILC consumes 6 mA from
a 2.5V supply in Mode I1. In Mode I, the ILC can successfully
lock to the input signal with a bias current as low as 2 mA.

wr, & (15)

(16)

wr,

C. Divider Chain, PFD/CP and Loop Filter

It is clear from above that the output of the ILC is always
in the 24 GHz band. Static dividers can be used at these fre-
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Fig. 8. Simpli ed schematic of the charge pump circuit.

quencies with reasonable power dissipation. In fact, static di-
viders are the more suitable choice because LC-tank-based in-
jection-locked dividers would be costly in terms of die area. A
chain of ve static emitter-coupled logic (ECL) dividers follows
the ILC and consumes only 15 mW from a 2.5 V supply. Three
static ip- op-based CMOS dividers further divide the signal
frequency down to the reference frequency of the synthesizer.
The ECL divider chain is optimized for low power consump-
tion and the voltage swing of the signal is gradually increased
through the cascaded ECL dividers by scaling up the load resis-
tors in the latches. The output of the last ECL divider provides
a differential peak-to-peak swing of 1.5 V, which is suf ciently
large to completely switch the following CMOS divider. This, in
turn, ef ciently eliminates the need for an ECL-to-CMQOS con-
verter prior to the CMOS divider chain. The output of the en-
tire divider chain provides a rail-to-rail signal at the input of the
PFD, which is implemented as a standard tri-state topology.

The schematic of the charge pump circuit, inspired by the
topology in [42], is shown in Fig. 8. Cascode current sources
reduce the effect of the VCO control voltage variation on the
charge pump UP/DOWN currents until Vi, comes within
2Vasat OFf the supply rails, which in turn broadens the linearity
of the PLL loop. Moreover, it reduces the UP/DOWN current
mismatch. The use of a dummy branch to steer the charge
pump current for the duration when V., is not integrating
any charge, in addition to the charge-injection and clock
feed-through cancellation provided by the dummy switches,
signi cantly reduces the non-idealities of the charge pump
circuit.

The loop lter is placed off-chip to compensate for modeling
errors in the MMW circuits. A Spectre-RF/Verilog-A co-sim-
ulation methodology is adopted for closed-loop simulations of
the frequency synthesizer. The PLL loop has been optimized for
a target bandwidth of 1 MHz.

IV. EXPERIMENTAL RESULTS

The dual-band frequency synthesizer has been fabricated in a
0.18 xm 200/180 GHz f7/ fmax SiGe BICMOS process with six
metal layers. The emitter width of the HBTs in the technology is
0.15 pm. The micrograph of the 1 mm x 0.8 mm chip is shown
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Fig. 9. Die micrograph ofthe 1 0.8 mm? dual-band synthesizer prototype.

in Fig. 9. The fabricated prototype also consists of a high-speed
digital baseband circuit, reported elsewhere [12], which occu-
pies the top half of the die. The frequency synthesizer itself re-
quires a chip area of about 0.4 mm? only.

The 2.8-um-thick top metal is used to realize inductors and
transmission lines in the VCOs and the ILC. Stray coupling
to the ILC tank can subdue the injection-locking phenomenon
resulting in an erroneous output frequency or undesired side-
bands, and can even throw the circuit out of lock [39]. Therefore,
signal distribution and routing between building blocks have
been accomplished carefully using the 1.6-pm-thick penulti-
mate metal layer to minimize coupling to the oscillator tanks in
the top-metal layer. Since transmission lines can provide excel-
lent isolation between adjacent circuits, their use should be con-
sidered when integrating injection-locked circuits in a complex
system such as a transceiver. In this work and in [12], we have
demonstrated the functionality of the ILC in a synthesizer and
a transceiver environment, respectively. All passives, including
MIM capacitors and interconnects, used in the synthesizer have
been designed or characterized using planar 3-D electromag-
netic simulations [43].

The synthesizer chip is attached to a PCB using a
chip-on-board assembly. All DC pads are wirebonded to
the PCB. The reference frequency input is provided by an
on-board 50 125 MHz voltage controlled crystal oscillator
(VCXO). With the PCB mounted on a probe station, the
synthesizer performance is characterized by on-wafer mea-
surements. The 24 GHz mode is measured using a simple
coaxial setup. A WR-10 waveguide-based setup is used for
the 77 GHz mode, including an Agilent 11970 W harmonic
mixer. A simpli ed version of the setup is shown in Fig. 10. In
order to avoid any noise pick-up, the control voltage is isolated
from on-chip bias lines and the substrate using RF shielding
techniques. The length of the wirebond from the V., pad to
the PCB was minimized and the control voltage wiring on the
PCB was isolated from other on-board interconnects.

To measure the free-running performance of the VCOs, the
divider chain is disabled. As depicted in Fig. 11, the K-band
VCO achieves a tuning range from 23.68 GHz to 27 GHz while
the W-band VCO can be tuned from 75.6 GHz to 78.6 GHz.
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Fig. 10. Waveguide-based measurement setup for the synthesizer in the
W-band mode. The basic setup for frequency calibration of the ILC is also

shown.
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Fig. 11. Measured (solid lines) and simulated (dashed lines) tuning curves of
the free-running 24 GHz and 77 GHz VCOs.

The Ky co for the 24 GHz and 77 GHz VCOs are 3.9 GHz/V
and 1 GHz/V, respectively, in the linear portion of the tuning
curve. The error between the simulated and measured oscilla-
tion frequencies is less than 2% for the 77 GHz oscillator and is
slightly higher than 5% for the 24 GHz oscillator. The higher
error for the 24 GHz VCO is attributed to the presence of a
thin but highly conductive diffusion layer on top of the silicon
substrate, which resulted in an inaccurately modeled ground re-
turn path for the spiral inductor in the tank. The 77 GHz VCO
is unaffected because the base inductance is implemented as
a microstrip line, which is shielded from the substrate by a
bottom-metal ground shield. The discrepancy for the 24 GHz
VCO has been addressed in a newer version of the synthesizer,
integrated within an MMW transceiver [12]. The free-running
VCOs achieve a phase noise better than —95 dBc/Hz at 1 MHz
offset from the carrier, as shown in Fig. 12.

The performance of the divide-by-three ILC is measured with
the on-chip W-band VCO as the injection-locking signal source.
Fig. 13 shows the measured and simulated divider tuning range.
The simulated tuning range extends from 70.1 GHz to 82.3 GHz.
The measured tuning range is 75.6 to 78.6 GHz, which is limited
by the VCO tuning range. Since a circuit breakout of the ILC
was unavailable, the divider locking performance could not be
veri ed outside this range. Nevertheless, fairly good model-to-
hardware correlation is obtained within the measured tuning
range, validating the divider functionality adequately. The sim-
ulated locking range is also shown in Fig. 13, as a function of
the divider control voltage, and varies from 1.8 GHz to 2.7 GHz
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Fig. 12. Measured phase noise of the free-running VVCOs.
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Fig. 13. Measured (dashed lines) and simulated (solid lines) tuning and locking

ranges of the ILC in divide-by-three mode (Mode Il). The measured divider
tuning range is limited by the tuning range of the on-chip 77 GHz VVCO.
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Fig. 14. Simulated input sensitivity of the divide-by-three injection-locked cir-
cuit at different ..,1 settings.

across the divider tuning range. The input power in the simula-
tion results of Fig. 13 is set to —5 dBm, which is the designed
power level at the input of the divider. The simulated sensitivity
curves of the divider are shown in Fig. 14. With a higher input
power, the divider achieves a locking range as high as 6.95 GHz
which, combined with the tuning capability, results in a wide
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TABLE |
COMPARISON OF STATE-OF-THE-ART MILLIMETER-WAVE DIVIDE-BY-THREE CIRCUITS

Fig. 15. Measured output spectrum of the synthesizer in (a) the W-band mode and (b) the K-band mode. Measurement setup losses have not been de-embedded.

input frequency range from 68.7 GHz to 85 GHz. The simu-
lated suppression of the second harmonic of the divider output
frequency is more than 33 dB below the fundamental. Table |
compares the performance of the divide-by-three ILC with prior
art.

In frequency synthesizers that consist of an injection-locked
divider within the PLL loop, a critical requirement for the loop
to lock is that either (i) the divider locking range captures the
VCO tuning range completely or, (ii) a mechanism is provided
to tune the divider center frequency to within the VCO tuning
range. Prior art in the MMW domain includes driving the VCO
and the injection-locked divider by the same control voltage
[15], and off-chip calibration of the divider control voltage [21].
Recently, on-chip digital calibration of the divider has also been
reported [16]. In this work, a software-based calibration using
Matlab and GPIB control has been employed to tune the ILC
control voltage until the loop is locked. As shown in the mea-
surement setup of Fig. 10, the VCO control voltage is monitored
on an oscilloscope and a lock condition is detected when it set-
tles to a constant voltage. Note that an on-chip calibration can
be readily implemented in a revised version.

In the locked state, the measured output spectrum of the syn-
thesizer in the two bands is shown in Fig. 15. In each mode,
the reference spurs at the output are 47 50 dB below the car-
rier power level. The locking range of the synthesizer in the
K-band is from 23.8 GHz to 26.95 GHz and in the W-band is
from 75.67 GHz to 78.5 GHz. The synthesizer output delivers

Fig. 16. Measured closed-loop phase noise of the synthesizer in the two bands.
Reference phase noise is limited by the noise oor of the measurement setup.

an output power of —9.5 dBm at 25.6 GHz and —17.8 dBm at
76.8 GHz after de-embedding the losses of the waveguide probe,
harmonic mixer, cables and other components of the measure-
ment xture.

The closed-loop phase noise performance of the synthesizer
is depicted in Fig. 16. Phase noise of the reference input is
also plotted in the same gure. At 100 kHz, 1 MHz, and
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TABLE Il
SUMMARY OF THE MEASURED PERFORMANCE
K-band ‘W-band

Locking Range 23.8-26.95GHz 75.67-78.5GHz
Phase Noise —114dBc/Hz@1MHz —103.5dBc/Hz@1MHz
Spurs —49.5dBc —47.8dBc
Output Power —9.5dBm —17.8dBm
Settling Time <25ps <25us
Power Dissipation 50mW 75mW

-VCO 10mW 25mW

—ILC SmW 15mW

— Static Divider 15mW 15mW

— PFD/CP SmW SmW
Technology 0.18um BiCMOS
Die Area Imm x 0.8mm

TABLE 111
PERFORMANCE COMPARISON OF MILLIMETER-WAVE FREQUENCY SYNTHESIZERS
[13] [14] [15] [16] [17] [18] This Work
Frequency
(GHz) 60 60 50 66 60 75 77
0.15um 200GHz 0.13um 0.13um 90nm 0.18um
Technology | G, s pHEMT SiGe CMOS CMOS 90nm CMOS CMOS BiCMOS
Locking
Range (GHz) 0.15 33 4.6 1.9 24 0.32 2.83
Divide Ratio 12 1024 1024 128 256/258 32 768
Phase Noise | —-95.5@100kHz _ -63.5@50kHz _ _ -88@100kHz -112@100kHz
@BcHy) | -1124@1mHz | 6@z | g 1ME, 84.1@IMHz | =85.1@IMHz | _y3510mH, | -114@1MHZ
Spur (dBc) - =50 =40 =152 =50.75 <=72 -47
Loop
Bandwidth 178 0.2 0.5 1.8 - 2.5 1
(MHz)
Pp (mW) 370 650 57 72 80 88 75
Chip Area 423 0.8 0.87 141 0.95 0.8 0.8°
(mm°)

? The VCO has a push-push output, so the effective divide ratio is 256.
® The PLL only occupies 0.4mm? of the chip area with pads. The rest is other circuitry not part of the PLL.

10 MHz offsets from the carrier, the locked 24 GHz VCO
output shows a phase noise of —112 dBc/Hz, —114 dBc/Hz,
and —117 dBc/Hz, respectively. The corresponding phase
noise of the locked 77 GHz VCO output is —102 dBc/Hz,
—103.5 dBc/Hz, and —116 dBc/Hz, respectively. Jumps in
the phase noise plots of Fig. 16 are observed at frequency offsets
slightly greater than the loop bandwidth. This behavior occurs
because the PLL output phase noise is no longer suppressed by
the closed-loop dynamics. Also note that the synthesizer phase
noise is not at at frequency offsets less than 10 kHz, unlike
the typical PLL characteristics reported in literature. This is
because the synthesizer output follows the phase noise of the
high-quality (i.e., low phase noise) voltage-controlled crystal
oscillator used to provide the reference signal, which exhibits
similar phase noise behavior as shown in Fig. 16. The reference
phase noise shown in Fig. 16 is limited by the measurement
noise oor.

The frequency synthesizer consumes 50 mW in the 24 GHz
mode and 75 mW in the 77 GHz mode. A single 2.5 V supply
is needed for the entire synthesizer. The 77 GHz and 24 GHz
VCOs require 10 mA and 4 mA, respectively. The ILC con-
sumes a maximum of 6 mA.

The measured performance of the dual-band synthesizer
is summarized in Table Il. The authors are unaware of other
implementations of MMW dual-band frequency synthesizers.
Nevertheless, it is fair to compare the performance with
single-frequency prior art in the MMW spectrum. Table Il
provides a comparative list of state-of-the-art MMW frequency
synthesizers.

V. CONCLUSIONS AND FUTURE WORK

A new dual-band architecture for MMW frequency syn-
thesizers utilizing multiple modes of operation of an injec-
tion-locked circuit has been described. A highly-integrated
synthesizer prototype chip has been designed and implemented
in a 0.18 um BiCMOS technology. The versatile synthesizer
architecture targets 24/77 GHz automotive radars, and is also
suitable for 94 GHz imaging applications. Measurements of the
fabricated prototype demonstrate excellent results, including a
locking range of 23.8-t0-26.95 GHz and 75.67-t0-78.5 GHz.
Detailed design and analysis of a dual-mode injection-locked
circuit, operating either as a divide-by-three or as a tuned buffer,
have been described. To the authors best knowledge, the di-
vide-by-three circuit achieves the highest operating frequency
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reported to date inside a synthesizer loop. This work reveals the

rst step toward the realization of fully-integrated dual-band
MMW radar transceivers. Efforts toward generating dual-band
quadrature signals and further reducing the component-count
in dual-band synthesizers and transceivers are currently in
progress.

APPENDIX |
OSCILLATION AMPLITUDE AND PHASE NOISE OF COLPITTS AND
LC EMITTER-DEGENERATED OSCILLATOR TOPOLOGIES

Oscillation Amplitude: The steady-state base-to-emitter
voltage Vg for a Colpitts oscillator is given by [44]

ZICC

Ve = (A1)

9me
where I-¢ is the collector bias current and g,,,. is the minimum
required transconductance for oscillation. For the conventional
Colpitts oscillator, (A.1) can be written as

2Icc

R — A.2
"-%OLPC{ C2Rs (A2)

Vee = Vo —ncorpVo =

where Rg is the series tank resistance. Replacing R by its par-
allel equivalent resistor R, we get

2IccRr
Vee =(1-— Vo=—F""FT—+-+ A3
B = neore)Vo wooLplpC1Cs (A3)
resulting in a peak oscillation amplitude of
VO = ZICCRTTLCOLP- (A4)
For the LC emitter-degenerated oscillator,
Vee =Vo,.c —nrcVo,Lc
_ 2lcc Rr
a wio L3002 (1= k)
k2 L350
=21~ Rt - . ZDEG~~ A5
Ok L3O (A9)
from which we obtain
k’2 L2
v =2IccRy - . ZDEG (A.6)
O,LC cclir i (1 — k')2 L2B

It is clear from (A.4) and (A.6) that for a given bias current,
LC emitter degeneration provides more exibility in setting the
oscillation amplitude compared to the conventional Colpitts
topology. Assuming the same Rg for the two topologies3 and
assuming that the tank capacitors are kept constant for the
purpose of comparison (which implies that the inductors in the
tank are varied to obtain the same oscillation frequency for the
two topologies), we can obtain the ratio of the two oscillation
amplitudes as

V 1-— 1
o,c _ (1—ncorp) (A7)

VO n (1 — nLc) (1 — k)

3In our design (and for W-band silicon-based designs in general), the tank
resistance is dominated by varactor loss, validating this assumption.
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for the same oscillation frequencies. Since k¥ < 1, npc >
ncorp and therefore, Vo ¢ is always greater than Vp.

Phase Noise Analysis Using Leeson’s Model: From [31],
the 1/ f2 phase noise of the Colpitts oscillator can be expressed

(%)

V3

Ao |?

e

1
Aw?

SApout,cOLP = 2 (A.8)

where A, is the element A of the ABCD matrix of the feed-
back network (i.e., the tank), C} = dCr/dw |, , and Cy is the
imaginary part of the element C of the matrix. For a Colpitts
oscillator, Ay = —C5/C and
Cr = (C} 4 Cy)w — LC| Cyu®. (A.9)
Replacing Cs by C> o, differentiating Cr with respect to w,
and then setting w = wy = wr,c, we obtain, for an LC emitter-
degenerated oscillator,

/_ / / 1 d02,eﬂ’
CI =-2 (Cl + 027CH|MLC) N WLCCI C2,eff dw wrLc
(A.10)
From (3),
CQ’QHLW,C = CQ (1 - k) 5 and (All)
1 dCem|  _ 2k (A.12)
C2,eff dw wLe wrc ’ '

where £ is given by (7). Substituting (A.11) and (A.12) in
(A.10), we obtain

Cr=-2[(1+k)C] + (1 —k)Cs]. (A.13)
Substituting the values of Ao and C in (A.8) and rearranging

the result, we obtain the expression for the close-in phase noise
of an emitter-degenerated Colpitts oscillator as

o _1{}) c3 1
pout, LC 2V3 1o o [(%) CH—Czr Aw?’
(A.14)

The phase noise of the conventional Colpitts topology is
readily obtained from (A.14) by replacing & with 0,

p 1 <I§> C2 1
A¢pout,COLP — 2 VOZ C{Z(C{ + 02)2 Aw?’

(A.15)

Phase Noise Analysis Using Linear Time-Variant Model:
Following the analysis in [34] for a Colpitts oscillator, the phase
noise due to collector current noise can be expressed as

ksT 1
4V2 RyC3
1

‘ncowp (1 — ncoLp)  Aw?

SAgout,i.,COLP =

(A.16)
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and that due to Rt as

kpT 1 1 1
2VZ RyC3 nlop Aw?’

SAgout, Ry ,COLP = (A.17)

The overall phase noise for the conventional Colpitts topology
is then given by

g _ kpT 1 2 —ncorp 1
A¢pout, COLP — 4V(% RTC22 nQCOLP (1 _ nCOLP) Aw?’
(A.18)

As discussed earlier, the LC degeneration impedance appears
capacitive at the oscillation frequency of the emitter-degener-
ated oscillator. Therefore, the current and voltage waveforms
of the emitter-degenerated oscillator are similar to those of the
conventional Colpitts oscillator. This in turn implies that the de-
vice noise currents are injected into the tank at the voltage peaks,
thereby reducing the amount of device noise conversion to phase
noise [32]. Thus, the phase noise analysis carried out for the
Colpitts topology is also valid for the LC emitter-degenerated
oscillator topology.

By substituting Co with Cs eff|w,. = (1k)C2 and ncorp
with nzc in (A.18), the phase noise of an LC emitter-degener-
ated Colpitts oscillator is readily expressed as

S kT 1
Agout,LC — 4VO2,LC RTCZZ
2 — nrc 1

ol -nre) G-k a2 A9

The ratio of the phase noises of the two oscillator topologies
is

SA¢out,LC’ — VO2 . (2 — nLc)
Sagou,cor V3 e (2—ncovp)
1-— 2 1
( ncorp) ) ”CSLP . 5. (A20)
(1-nrc) nie  (1-k)

Using the result of (A.7), and with the same assumptions, (A.20)
is simpli ed to

Sagout,LC _ (2=nzc) (A —nrc) n¢orp
Sagout,coLr (2 —ncorp) (1 —ncoLp) nig
(A.21)

Since npc > ncorp, the ratio in (A.21) is always less than
1, indicating that the LC emitter-degenerated topology exhibits
better phase noise than the conventional Colpitts oscillator.

From the foregoing analysis, the importance of using a linear
time-variant model is clearly seen. In (A.8) and (A.14), all
device noise sources are converted to phase noise by the same
transfer function, whereas (A.16) (A.19) indicate different
transfer functions for different noise sources. The key concept
that enables higher accuracy in the LTV model is the impulse
sensitivity function (ISF), which is different for different noise
sources and different circuit topologies [32]. Furthermore, the
ISF takes into account the cyclo-stationary nature of device
noise sources, whereas the Leeson s model treats all noise
sources as stationary processes.
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2Z(w)= —tan_l(ZQw]
@

I, +1,, cos(3wyt) 1, V, cos(wt +¢)

Fig. 17. Behavioral model of the divide-by-three injection-locked frequency
divider.

APPENDIX Il
LOCKING RANGE OF AN LC-TANK-BASED INJECTION-LOCKED
DIVIDE-BY-THREE CIRCUIT

Fig. 17 shows a behavioral model for the analysis of an in-
jection-locked divide-by-three circuit. The mixer output current
can be expressed as [41]

I, = [Lac + ILinj cos (3wt)] Z agcosk (wt+¢)  (A22)
k=1

where «, are the mixer nonlinearity coef cients and ¢ is the di-
vider output phase. The fundamental component of 7,,, limiting
the products to the fourth-order nonlinearity, is

Igc
I, = dTalcos(wt+¢>)

Tinjo Iinjoq

cos (wt — 2¢) + —, cos (wt + 4¢)

(A.23)

from which the phase of the mixer output can be computed as

22=% gin (3¢)
= ¢ —tan™! 2 A24
o cos<s¢>] .
where K = I/ Lic.
The phase shift introduced by the tank is given by
B =—tan~l (2@“ - “”) (A.25)
wO

and since 8 = ¢—-, we obtain

—tan™! <2Qw — w") =tan~!

Wo

W sin (3¢)
Kr+ —“'—’221‘“ cos (3¢)

(A.26)

After converting (A.26) into exponential form and solving the
resulting quadratic equation, we get

4gon £ 1/16¢2a? + (1 — 4¢?) K 7o
(1 + 4(]2)[(]0(2

sin (3¢) = (A.27)
where ¢ = Q=2==. Applying the identity [sin (3¢)| < 1, ne-
glecting the ¢ terms and simplifying, we obtain the relation

< Koy

(A.28)
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The maximum two-sided locking range is then readily com-
puted as

o K

wy, = Lo 21%2 (A.29)
Q aq
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