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A 1.94 to 2.55 GHz, 3.6 to 4.77 GHz Tunable CMOS
VCO Based on Double-Tuned, Double-Driven
Coupled Resonators

Burak Catli, Student Member, IEEE, and Mona Mostafa Hella, Member, IEEE

Abstract—This paper presents a multi-band CMOS VCO using
a double-tuned, current-driven transformer load. The dual fre-
quency range oscillator is based on enabling/disabling the driving
current in the secondary port of the transformer. This approach
eliminates the effect of switches connected directly to the VCO tank
whose capacitance and on-resistance affect both the tuning range
and the phase noise of a typical multi-band oscillator. The rela-
tion between the coupling coefficient of the transformer load, se-
lection of frequency bands, and the resulting quality factor at each
band is investigated. The concept is validated through measure-
ment results from a prototype fabricated in 0.25 gzm CMOS tech-
nology. The VCO has a measured tuning range of 1.94 to 2.55 GHz
for the low frequency range and 3.6 to 4.77 GHz for the high fre-
quency range. It draws a current of 1 mA from 1.8 V supply with
a measured phase noise of —116 dBc/Hz at 1 MHz offset from a
2.55 GHz carrier. For the high frequency band, the VCO draws
10.1 mA from the same supply with a phase noise of —122.8 dBc/Hz
at 1 MHz offset from a 4.77 GHz carrier.

Index Terms—CMOS voltage controlled oscillators, coupled res-
onators, multi-band VCO, software defined radio, transformer-
based oscillators.

1. INTRODUCTION

HE wireless scenario for mobile and portable commu-
T nications is rapidly changing from single standard sys-
tems to multi-mode terminals, with attention geared towards
software defined radios and cognitive radios. Cognitive radio
(CR) has recently emerged as an umbrella term for systems that
can adapt to changing conditions so as to dynamically use the
spectrum in an opportunistic manner. The adaptation/reconfig-
urability functions will be handled by adaptive frequency-agile
RF transceivers which are viewed as the foundation of CR in
its most extreme form of a radio that can jump in and out of
any band and any operating mode. The frequency synthesizer
for such a radio has to provide all necessary LO frequencies
within the widely used spectrum from 600 MHz to 6 GHz with
proper channel spacing. In addition, all performance require-
ments, phase noise being the most challenging, must be fulfilled.
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Fig. 1. (a) Typical multi-band frequency generation architecture. (b) Reduction
in number of components by replacing multiple oscillators with a single dual-
band oscillator.

A number of local-oscillator (LO) frequencies are typically
needed to cover such a wide spectrum. Since oscillators con-
sume a substantial part of the chip area and battery power,
methods to generate multiple LO frequencies in a compact
design can be very effective for power and area savings.
In many radio architectures, particularly in multi-mode and
multi-band systems, the required local-oscillator frequencies
are not necessarily harmonically related. Thus, the main focus
of the research so far has been on offering multi-band frequency
generators based on local oscillators with additional processing
through frequency division, frequency up-/down-conversion,
and multiplexing functions [1]-[5] [Fig. 1(a)]. The tuning range
of each individual local oscillator determines their total number
and the required additional frequency processing circuitry.
Published research has either focused on wideband but single
range oscillators [6]-[10], or multi-band but limited tuning
range in each band [11]-[14]. Magnetic tuning or transformer
based tuning [15] has also recently received much interest as an
alternative technique to overcome the limited tuning capability
of varactors in scaled CMOS processes, with emphasis on
continuous tuning over a wide frequency range by changing
the primary to secondary current ratio. Other examples of
multi-band/wide-band oscillators are reported in [16]-[20].

This paper details the concept of coupled driven resonators
and applies it to the design of a CMOS VCO that is capable of
operating in two widely separated bands, while simultaneously
achieving wide tuning range in each band. The relation between
the coupling coefficient of the transformer load, selection of fre-
quency bands, and the resulting quality factor at each band is in-
vestigated. This approach would allow hardware sharing of the
divider and mixing functions [Fig. 1(b)] that would ultimately
decrease the power and area consumptions relative to traditional
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techniques. It can also provide lower current consumption com-
pared to continuous magnetic tuning of transformer loads by
utilizing varactor tuning within each band and injecting current
in the secondary winding only when switching from one fre-
quency range to the other.

The paper is organized as follows. Section II discusses the
advantages of coupled resonators versus switched resonators.
Section III details the analysis of double-driven double-tuned
transformer as a multi-band resonator. The design of the VCO is
covered in Section IV, while measurement results are presented
in Section V. Finally, conclusions are given in Section VI.

II. SWITCHED VERSUS COUPLED RESONATORS

A. Switched Inductors and Capacitors

Multi-band LC oscillators have been traditionally realized by
changing the effective inductance and capacitance of the VCO
tank through adding and/or subtracting L and C elements using
MOS switches [11]-[14]. The basic concept is illustrated in
Fig. 2. The effective inductance and capacitance of the tank are
created with the combination of inductors L1, L2 and C1, C2.
If switch sw2 is closed and the sw1 and sw3 are open, the oscil-
lator generates a signal at frequency

1
- 1
1= T, b

However, if swl and sw3 are closed and sw2 is opened, the
oscillation frequency becomes
1

T It In)(Ci 1 Oy)

2

Other combinations of switches lead to different resonance fre-
quencies. There are two factors that limit the overall perfor-
mance of this approach. The first limitation originates from the
nature of any real switch. The switches used in the reconfig-
urable tank introduce substantial parasitic resistance and capac-
itance, which affects the quality factor of the tank and the tuning
range. The inductors connected in series in the multi-band res-
onator are redrawn in Fig. 3 to illustrate the effect of the switch
parasitics. In Fig. 3, parasitic resistances RL1 and RL2, which
determine the quality factor of the inductors, represent the loss
of L1 and L2, respectively, while the switch symbol is replaced
by a MOS transistor. When the switch is closed (the MOS
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Fig. 3. Switched inductor and parasitic elements of the MOS switch.

transistor is turned on), the channel resistance of the switch is
added to total tank parasitic resistance. Because this additional
resistance degrades the tank Q and accordingly the VCO’s phase
noise, it is desired to minimize the channel resistance. In some
cases, the control voltage that turns on the MOS transistor can be
set to a value higher than the nominal voltage given by the tech-
nology. Under nominal supply voltage, the only way to reduce
the switch resistance is to increase the transistors size (in some
examples, ranging from 960 ¢m/0.18 pm to 2000 m/0.18 pm
[11], [12]), which also increases the parasitic capacitance of
the switch, thereby reducing the tuning range of the VCO. It
is clear from the above discussion that there is a trade-off be-
tween tuning range and phase noise in the switch design. Fig. 4
shows the simulated small signal capacitance and channel resis-
tance in 0.25 pm and 0.18 pm CMOS technologies for an nMOS
switch transistor as a function of channel width and bias voltage.
In the simulations, the gate of the MOS transistor is connected
to VDD (2.5 V and 1.8 V) and the drain and the source of the
transistor are shorted and connected to a common-mode voltage
VCM (0.9 Vand 1.25 V) and VCM/2 (0.45 V and 0.625 V). For
the nMOS switch in 0.25 pm, the simulations show that as the
channel width increases, channel resistance is reduced but still
remains one of the major contributors to the tank loss. These
simulations also show that the switch channel resistance is very
sensitive to the common-mode voltage and for best performance
the common-mode voltage should be kept as low as possible.
This may limit the oscillator topology, leaving pMOS transistors
as the only alternative for the negative resistance circuit and/or
may put some limitation on the output buffer design because of
very low common-mode level of the generated signal. Finally,
for a reasonable aspect ratio, the switch exhibits a high para-
sitic capacitance (1-3 pF) as shown in Fig. 4(a). This parasitic
capacitance would ultimately limit the tuning range.

To consider the effect of technology scaling, the MOS switch
is also simulated in a 0.18 ;ym CMOS technology. Although the
channel resistance remains relatively constant with respect to
the former case, the contribution of the parasitic capacitance of
the nMOS switch drops. However, even for a 0.18 ym CMOS
technology, the switch still introduces a high parasitic capaci-
tance to the tank. The performance limitation that comes from
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Fig. 4. The MOS switches’ parasitic resistance and capacitance as a function
of size and bias in (a) a 0.25 #m and (b) a 0.18 xm CMOS technology.
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Fig. 5. Resistively tuned coupled resonators.

the parasitic capacitance of the MOS switch may be exempli-
fied better if we consider a case study such as a 2.4 GHz oscil-
lator. If we select the tank inductance as 2.7 nH, the remaining
total capacitance budget is around 1.6 pF. Thus, the 1 pF para-
sitic capacitance that originates from the nMOS switch would
severely limit the tuning range leaving less than 50% of the ca-
pacitance budget for the varactors. In [14], it is reported that the
quality factor of a switched resonator is 30% less than that of
a stand-alone inductor. From the Leeson equation, this would
translate to a 3 dB difference in phase noise performance.

B. Resistively Tuned-Coupled Resonators

A variation of the switched inductor technique is realized as a
variable inductor. The variable inductor is created in a coupled
inductor form as shown in Fig. 5. The MOS transistor connected
in parallel to the secondary winding is used as a variable resistor.
The channel resistance of the MOS transistor can be adjusted
by changing its gate voltage, which changes the effective induc-
tance Leff and resistance Reff seen at the primary port. Thus,
the LC product of the tank is varied for tuning purposes.
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Fig. 6. Double-tuned transformer connected to a gain stage (M1).

The technique discussed above has been employed in a
number of published oscillators [21]-[24]. In some applica-
tions, the control voltage Vc is changed continuously while
in others, it is just used to turn on/off the device. Regardless
of the used control method, the technique is based on a loss
mechanism. When the switch transistor MC is off, it exhibits
high impedance leaving the parasitic elements of Ls as the only
loss in the secondary winding. However, when the transistor is
turned on gradually, the finite channel resistance of the tran-
sistor starts to contribute to the secondary winding loss. The
loss in the secondary winding is transferred from secondary to
primary winding via magnetic coupling. Thus, this technique
reduces the quality factor of the inductor, increasing its resistive
loss and degrading the phase noise performance.

III. DRIVEN, DOUBLE-TUNED TRANSFORMER AS A
DUAL-BAND RESONATOR

In many design cases, magnetic coupling can provide a
unique way to improve the circuit performance. Single-tuned
transformers and double-tuned transformers have already been
used as impedance matching circuits and loads [25], [26]. In
this section, the oscillation conditions for the single-driven
and double-driven transformers are derived to illustrate the
band switching mechanism. In addition, the relation between
transformer coupling coefficient, tank quality factor at the two
bands, and the VCO performance parameters are discussed.

A. Double-Tuned Single-Driven Transformer

For a multi-band VCO, multiple resonance points in the
impedance characteristic of the load over frequency is required.
For dual resonance point, the load can be realized with a trans-
former where capacitors are placed in parallel to the primary
and secondary windings. This is known as double-tuned trans-
former [27], [28]. If the double-tuned transformer is connected
to a driver transistor as shown in Fig. 6, we refer to this as
a double-tuned, single-driven transformer. In the following
analysis, transistors M2 is OFF, and its effect is ignored. In
Fig. 6, the gain stage, formed by the driver transistor M1 is
loaded by the double-tuned transformer which has four energy
storage elements, thus two resonance points in the frequency
spectrum. 1.; and Lo are the inductances of primary and sec-
ondary ports, R1, R» are loss elements of the tank and C, Cy
are the total capacitances of each tank, including the varactor
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and other parasitic capacitances, while k is the coupling coef-
ficient between the windings. The transfer function of the gain
stage, Vo(s)/Vi(s), has gains around the resonance frequencies
wj and wy that are the product of the transconductance and the
tank impedances at these frequencies. The input impedance of
double-tuned tank can be derived as in (3), shown at the bottom
of the page. The resonance frequencies of the network are given
by

W12

2
B \/Ll(]l + LyCy £+ \/(Ll(]l — L202)2 + 4k2L101L262.
4)

To get more insight into the oscillation mechanism, the special
case of a balanced double-tuned network (L, = Lo = L, C; =
Cy = C and Ry = Ry = R) is considered. We can rewrite the
resonance frequencies for the balanced case as

1 wo
W12 =

2T IOtk ViEtk

&)

The magnitude and phase of the input impedance of the bal-
anced double-tuned network is shown in Fig. 7 where

1+ k 1+ k)L
o1 = |Zr ()] ey = & 2+ ) /! +O> ©
and
1-k 1-k)L
2 = |Zr(jw) w:wzzCNZ )/ C) -

where Q = wl/R is the quality factor of the stand-alone induc-
tors in the transformer.

To examine the conditions required for oscillation when
using the double-tuned network as the oscillator tank, the
Barkhausen’s oscillation criteria are used:

[T (jwo) =nx360° and |1T(jwo)| > 1 (3)
where T'(jw) is the loop transfer function, w, is the frequency
at which the frequency shift around the loop is zero. Due to the
symmetry of the gain stages of the cross-coupled topology, the
transfer function of a single stage can be considered as the loop
gain expression to study the oscillation condition. Thus, we have

[ T'(jw)| = gma |Zr(jw)] . ©

From Fig. 7(c), it is clear that the phase condition is met at both
wj and wsy. For the gain condition, it can be assumed that g7q
is fairly equal at both frequencies. Although the gain and phase
conditions can be satisfied at both frequencies, the oscillation
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Fig. 7. The magnitude and phase of the impedance characteristic of a double-
tuned transformer.

starts at one of the resonance frequencies and fails at the other.
The underlying difference originates from the parallel equiva-
lent loss resistances, z; and z5. From (6) and (7)

(l+k>3/2
1Rz | —— .

1k 10

Thus, as gm; increases to start the oscillation, the following
condition is satisfied first.

TG o=

= gmiz1 & gimng (Q(l +k) JO+ k)L> >1 (11)
i : 2 o

and the circuit starts to oscillate at wq. If gm; increases further,

the loop gain at wy can achieve a value higher than 1, compen-

sating the low magnitude of z3 with respect to z; . This may lead

to a concurrent oscillation at w; and ws. Although a stable con-

current oscillation mechanism is a more complex phenomenon

(1 = k?)L1 L3028 + (Lo Ry + L1R2)Cas® + (L1 + R1R2Co)s + Ry

ZT(S) =

(1 = k%)L LyC1Cast + (LaRy 4+ L1 R2)C1Cas% 4+ (L1 Ch 4+ LaCo + R1R2C1C3)s? + (R1Ch + R2C)s + 1

3
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[30], we can roughly state that the following condition should
be satisfied to avoid the possibility of concurrent oscillations:

TG o=

QL—Fk) [(1-k)L
5 e ) <1. (12)

= gmizs & gy (

B. Double-Tuned, Double-Driven Transformer

Section III-A emphasized the importance of having a magni-
tude difference between parallel equivalent loss resistances at
w1 and wy to create an oscillation at only one band. However,
for a single-driven double-tuned transformer network, gm;
is the only control parameter that can start oscillation at one
band or may trigger concurrent oscillations but cannot pro-
vide band switching. To enable band switching, the resonator
characteristic needs to be reconfigured to modify the loop
gain equations at both bands. Consider Fig. 6 again, while
including the effect of the second driver transistor M2 (shown
in gray) which drives the secondary port of the double-tuned
transformer. In the modified configuration, the main gain
transistor is still M1, and all the circuit elements in dashed box
are treated as a resonator including M2. The equivalent circuit
of double-driven resonator is given in Fig. 8. Transistor M2
is modeled as a transconductance stage whose current is con-
trolled by primary port voltage vp. The input impedance of the
double-driven configuration Zp_pp can be derived as shown
in (13) at the bottom of the page. The introduction of grne may
cause changes in the amplitude ratios of secondary to primary
inductor currents (i7,2/471) as well as phase differences be-
tween these currents for the double-driven case with respect to
the single-driven case. This can affect the contribution of the
mutual inductance M, varying the resonance frequencies. This
is evident from (13) where gms appears in the denominator of
the impedance of the double-driven configuration Z7_ . To
guarantee that the location of resonance frequencies is fixed
regardless of the addition of transistor M2, we will examine the
effect of g,,,2 on the inductor currents ratios and the phase dif-
ference between these currents compared to the single-driven,
double-tuned transformer case. The inductor current ratios
for the double-driven compared to single-driven double-tuned
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Fig. 8. Tank impedance of double-tuned, double-driven transformer. The sec-
ondary of the transformer is driven by a transconductance stage gm..

transformer is given as in (13), where ¢7; and ¢ are the
currents in the primary and secondary inductors, respectively.
Examining (14), also at the bottom of the page, shows that the
magnitude of the ratio is fairly constant over the frequency
range and is approximately equals to 1. Similar analysis for the
phase difference of the currents reveals a consistent behavior.
Thus, the resonance frequencies given in (4) and (5) are still
valid for the double-driven case.

The parallel equivalent loss resistances at the resonance fre-
quencies can be derived for the double-tuned, double-driven bal-
anced transformer as in (15) and (16), shown at the bottom of the
next page. Equations (15) and (16) show the effect of g1, on the
resonator characteristic. As gms increases, the denominator of
zo_pp decreases while that of z;_pp increases. This reduces
the loop gain at wy, suppressing its resonance point and failing
the oscillation, while increasing the loop gain at ws boosting its
resonance point and enabling the oscillation. Oscillation at wo
starts when the loop gain satisfies the condition shown in (17)
at the bottom of the next page. Similar to the former case, the
low-band loop gain must be kept below 1 to avoid any concur-
rent oscillation [see (18) at the bottom of the next page]. This
discussion shows that by turning on and off the transconduc-
tance stage M2, the resonator switches between single-driven

Zr_pp(s)
_ (l—kz)LlLQCZ53+(L2R1+L1R2)0252+(L1+R]_R202)6+R1 (13)
(1-k2)L1 Ly C1 Cos*H Lo R1+1L1 Ry ) C1 Ca83+( L1 C1+ Lo Cot+ Ry Ry C1 C3) 824+ R1 C1+Ro Cot-gmak/L1 Lo ) s+1
422ij3§3 | BV Lo LyC3s® + gma Ly LaCos? + ky/I1LyCos + gmaLy) 14
irz(s) N kL1 1Lo LZCZZSS + gmaok2L115Cs82% + k\/L112Css s=jw

ir1(s)

s=jw
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and double-driven modes, maintaining the location of the res-
onance frequencies but reshaping the magnitude of their re-
spective input impedances, which enables the band-switching
mechanism.

While the previous analysis of the oscillation conditions is
given for the balanced double-tuned transformer for mathemat-
ical brevity, the unbalanced transformer is more practical in ac-
tual implementations for the following reasons. In the balanced
topology, once the LC product is selected, the only design pa-
rameter that can be varied is the coupling coefficient, k. How-
ever, for a given LC product, design parameter £ may not be
enough to cover specific frequency bands. In the case of unbal-
anced transformer, the LC products for primary and secondary
port can be selected independently. Thus, the unbalanced trans-
former would provide three independent design parameters that
lead to better flexibility in covering any two bands.

The main distinctions between the proposed technique and
former techniques discussed in Section II are summarized as
follows.

1) The proposed technique uses current sources for band
switching. Thus, the band switching mechanism is based
on the driving currents and their relative phases with re-
spect to each other. This is an advantage over the switched
inductor/capacitor techniques that places the switch in
the signal generation loop and degrades the phase noise
stability as discussed in Section II.

2) The proposed technique provides area savings compared
to uncoupled resonators. The magnetic coupling, which is
avoided in previous techniques [12], is intentionally cre-
ated in the proposed resonator interleaving the primary and
the secondary inductors. Thus, there is no need for special
orthogonal placement of the individual tank inductors.
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3) In Fig. 5, Reff, the effective parallel loss resistance of the
tank, is a strong function of tank swing due to the nature
of the MOS transistor operating in the triode region. Thus,
it causes strong nonlinearity that leads to AM/PM conver-
sion, degrading phase noise performance. In the proposed
technique, due to the relatively high output impedance of
the current sources, band-switching mechanism does not
cause any AM/PM conversion or other nonlinearities that
may degrade spectral purity.

C. Effect of Coupling Coefficient on the VCO Performance
Parameters

Fig. 9 shows the interaction between coupling coefficient %,
location of resonance frequencies, quality factor of resonance
points and power consumption. For all cases, an arbitrary unbal-
anced double-tuned transformer network is considered, the elec-
trical parameters of primary and secondary tank elements are
kept constant and only k and gms are changed where applicable.

In Fig. 9(a), a single-driven, double-tuned transformer is
considered. As the coupling coefficient varies from 0.4 to 0.7,
the resonance frequencies, parallel equivalent loss resistances
at these frequencies and quality factors vary. As the coupling
coefficient increases, the quality factor and the parallel loss
resistance increase at the first resonance frequency, while
they degrade at the second resonance frequency. Since the
single-driven case is applicable for low-band operation, se-
lecting a high coupling coefficient may seem a good design
approach. However, the coupling factor selection should be
made considering its effects on high-band performance as
illustrated in Fig. 9(b). In Fig. 9(b), the tank characteristics
are plotted for the double-driven resonator for a fixed grms.

. 1
“1_pp = ‘ZTfnn(]w)‘ ‘w=wx ~ (15)
2 ac 1 ,
\/gmz + (1+k)772Q ((1+k)«"/2QL + 977120«0)
. 1
22 _pp = ‘ZT—DD(]w” ‘UJ:WE ~ (16)
2 el 1 P
gms + (A-k)72Q \ 1-K)72QL gmawo
. 1
I Tr(jw)| |w=w, = gmize = gmy > 1 (17)
p (&
\/gmé + (1_;3)?./2(? ((1—k)«1"/2QL - gm2w0)
. 1
Tr(jw)| |w=w, = gmiz1 = gmy <1 (18)

2 4C 1 o)
\/9’”2 + (I1k)772Q ((1+k)?"/2QL + g’”ZWO>
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Fig. 9. The effect of coupling coefficient k and transconductance of the sec-
ondary driver stage grn> on the impedance characteristic of double-tuned trans-
former tank, (a) Single-driven transformer, (b) Double-driven transformer with
fixed gm-, and (c) Double-driven transformer with variable gms to equalize
the effective negative resistance at the second resonance point.

Interestingly, while & = 0.7 gives the highest quality factor
and parallel loss resistance at low-band (@ = 17.9), it leads
to the lowest quality factor at high-band () = 11.7). On
the other hand, & = 0.5 provides comparable performance at
low-band (@) = 16.4) and high-band (@ = 19.7). Although the
numbers and optimum %k may vary for different specifications,
as a guideline, a moderate k£ value around 0.4 ~ 0.5 would
provide a balanced performance at both bands. This discussion
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Fig. 10. Relative directions of ac currents in low-band and high-band operation.

may trigger the question: Would & = 0 or £ = 0.1 provide a
better performance VCO? In fact, these values are so low that
they can be considered parasitic coupling coefficients between
two stand-alone inductors that are located in an orthogonal
orientation [12]. As k decreases, any transformer topology
would suffer from considerable increase in area, approaching
that of two stand-alone inductors.

The last scenario shown in Fig. 9(c) shows the relation
between coupling coefficient and power consumption. To com-
pensate for the drop in parallel loss resistance that may stop
oscillations at higher coupling coefficients, additional currents
can be injected into the secondary of the transformer (increasing
gms). Fig. 9(c) shows the required gm in each case to equalize
equivalent loss resistance at different coupling coefficients.
From Fig. 9(c), £ = 0.7 requires 2.8 times higher gms to
reach the same parallel loss resistance as k& = (0.4, which may
translate to several times higher current consumption for the
same size of transistor M2. Thus, the high coupling coefficient
translates to higher power consumption to meet the loop gain
condition at the high-band. In summary, the optimization of the
double-tuned unbalanced transformer network for a dual-band
VCO application is a multi-dimensional process. It involves the
selection of the location of band centers, tuning range in each
band, phase noise requirements over the bands, as well as area
and power consumption limits.

D. Quality Factor of the Tank at Low-Band and High-Band

The transformer as a resonator in single-band oscillators has
been the subject of previous publications [26]. In most of these
applications, the transformer has been used for quality factor en-
hancement. However, recent publications [29], [30] have shown
that there are misconceptions about transformer based resonator
design, and whether it actually improves the phase noise of the
oscillator versus traditional LC oscillator design. While it is
true that for any quality factor improvement, the currents in the
windings should be in phase as shown in Fig. 10(a), given the
same area as the transformer, a stand-alone inductor may pro-
vide better values for the quality factor [31].

For low-band operation, the AC current in the primary
winding 7, and the induced current in the secondary winding i
are in phase. Thus, an improved quality factor with respect to
that of the stand-alone primary inductor is expected. However,
this improvement should be evaluated in the frame of the
previous discussion. For the high-band operation, as shown
in Fig. 10(b) the ac currents in the primary and secondary
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Fig. 11. Full schematic of the multi-band VCO including measurement setup.

windings are out of phase. Thus, when %, charges energy to the
tank, 75 discharge a portion of that energy depending on the
transformer parameters. For this reason, the tank has less en-
ergy storage capability with respect to that of a stand-alone in-
ductor. Quantitatively, it is the (1 — k) term in (4) that is respon-
sible for the reduction in energy storage capability. However, it
is the effect of coupling factor in the terms (1 — k) and (1 + &)
that also provides multi-band operation through varying the ef-
fective inductance values. Techniques to compensate for the re-
duction in quality factor in high-band operation are discussed in
Section III-C.

IV. VCO DESIGN

Fig. 11 shows the schematic of the VCO utilizing the double-
tuned, double-driven transformer as a resonator [32]. In the core
of the oscillator, the negative resistance is realized by cross-cou-
pled nMOS and pMOS pairs (M1-M4). The cross-coupled com-
plementary topology is selected because of its reduced 1/f noise
up-conversion performance [33]. The core resonator is formed
of Cpl and Cp2, and the primary inductors of the transformers
Lpl and Lp2. The primary inductance L1 is selected as 1.6 nH,
while the secondary L2 is 2.8 nH. Accumulation mode varac-
tors are used for fine tuning purposes. The primary varactors
are implemented as 6 x 3 fingers (W = 5 um, . = 1 pm),
while the secondary varactor is formed by 6 x 7 fingers (W =
5 um, L = 1 pm). The transformer has a Q of 12 at 2 GHz
while Q is variable at high-band as a function of the driver
stage’s transconductance. The current source shown in Fig. 8
which drives the secondary port of the transformer is realized
using a simple differential pair (M5-M6) loaded with the sec-
ondary windings of the transformers, Ls1 and Ls2. The band
switching is controlled by enabling and disabling the differen-
tial pair, while the inverting nature of the common source ampli-

fier provides the required phase difference between primary and
secondary winding currents for multi-band operation. When the
differential pair is disabled by turning off the tail current source
transistor M9 via transistor M11, no driving current passes in
the secondary port. Thus, the oscillator swings at low-band fre-
quencies, acting as a single-band LC VCO which has a trans-
former type resonator. When the tail current is enabled and the
secondary port is driven by the differential pair, the oscillator
swings at high-band and the low-band oscillation is suppressed.
The oscillator frequency in each band can be tuned by changing
the control voltages VTP and VTS, which control the effective
capacitance of the primary and secondary varactors (Cpl, Cp2)
and (Csl, Cs2). In the current mirrors, RC filters are employed
to filter 1/f noise of the diode connected transistors. In the ac-
tual implementation, to prove the concept, each transformer is
realized individually. However, they could also be realized as a
differentially driven single transformer to save area further.

A. Design of Driver Stage

Although the driver transistors (M5 and M6) are not used as
switches in the frequency generation loop, their parasitics may
still contribute to the tuning range and phase noise. The buffer
transistors are selected wide enough to drive the secondary
winding; but the width is still limited so as not to load the tank
considerably. The selected aspect ratio for the buffer transistors
is 100 pm/0.25 pm, which is much smaller than switched
resonator examples (960 pm/0.18 pm and 2000 pm/0.18 pm
[11], [12]). Thus, it can be safely stated that the effect of
the parasitic capacitance of the proposed method over the
frequency tuning range is negligible with respect to that of
switched inductor/capacitor technique. The potential resistive
loss of the proposed technique may originate from the output
resistance of the driver transistors. However, in the switched
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Fig. 13. Physical design of the transformer employed in the multi-band VCO
tank.

inductor/capacitor tank shown in Fig. 12(a), the AC current that
stores energy in the tank flows through the switch transistors
that operate in triode region, thus the switch transistor con-
tributes directly to the parallel equivalent loss resistance. For
the driven inductor case in Fig. 12(b), the transistors operate
in the saturation region exhibiting high output impedance. The
tank is driven by a current source and the AC current completes
its loop over the tank as shown in Fig. 12(b). Thus, the driver
transistors do not cause substantial resistive loss.

B. Design of the Transformer

The transformer used in the resonator design is shown in
Fig. 13. A square symmetric topology (Rabjohn balun) is
selected for the resonator design. The top thick metal5 layer
(2 pm) in the used technology is employed for the transformer
implementation and metal-4 is used for crossings. The primary
winding width is 15 pgm. The secondary winding width is
selected as 20 pum in order to reduce the parasitic resistance of

secondary winding. The transformer is simulated with Sonnet
EM tool. For the transient simulations, a 10-segment distributed
RLC-k equivalent circuit that covers DC-to-10 GHz range is
created and its parameters are fitted to s-parameter simulation
results of the EM tool. Thus, the effect of the virtual ac ground
in the middle of the tank is avoided using a distributed equiv-
alent model instead of a lumped model. In the design of the
transformer, two issues have to be addressed: 1) achieving a
low coupling coefficient and 2) reducing the sensitivity of the
coupling coefficient to the physical design of the transformer,
specifically spacing. For the low coupling coefficient, the
spacing is varied from the design rules minimum spacing up to
20 pm. The gradient of coupling coefficient with line spacing
saturates around 7 ~ 8 pm spacing, thus limiting the effect
of process variation on the coupling coefficient. A minimum
coupling coefficient of 0.6 ~ 0.65 is obtained at a spacing of
8 pm, and any further increase in the line spacing would not
reduce the coupling coefficient considerably. In fact, if the area
and spacing are limited to practically reasonable values, this
k value would be the lowest for this topology. An extensive
research on the same topology [34] confirms our results. To ob-
tain lower coupling coefficient (0.4 ~ 0.5), other transformer
topologies such as concentric spirals should be employed. This
would ultimately lead to improved performance especially in
the high frequency band.

C. Design Considerations

The power consumption of the VCO is limited by four main
factors:

1) feature size of the selected process;

2) selected topology;
3) transformer coupling coefficient k;
4) top metal thickness.

Because the threshold voltage dictates the voltage headroom,
the feature size of the selected topology has an important effect
on the power consumption. Even for the same topology and the
same tank, which primarily determines the drawn current for the
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Fig. 14. Die photo of the multi-band VCO.

same output power, the technology with the higher feature size
leads to relatively higher power consumption. In the implemen-
tation discussed, the feature size (0.25 pzm) is a bottleneck, when
compared to lower feature sizes. A migration to 90 nm and
below technologies will provide at least 30% drop in power con-
sumption assuming the same topology.

The selected topology is another limitation over voltage head-
room. Although the cross coupled complementary topology
reduces the up-conversion of 1/f noise, it also requires more
voltage headroom because of the cascode nMOS and pMOS
transistors.

There is a strong relation between transformer coupling co-
efficient and parallel equivalent loss resistance of the tank at
low-band and high-band. If % is selected higher than the required
value, it is expected to have a very low parallel equivalent loss
resistance at high-band resonance point that requires high cur-
rent to get the same output power at the low-band [Fig. 9(c)].
Thus, once the required specifications are determined in terms
of operation bands and phase noise, k£ should be selected taking
into account the overall power consumption requirements.

The last issue that affects the overall power consumption is
the metal thickness. The thickness may vary from 0.3 pm to
0.5 pm for the inter-level metals layer. However, some pro-
cesses offer thicker top metals ranging from 2 pym to 4 pm.
Also in some other examples, the stacked metals are connected
throughout the inductor by vias to obtain a thicker metal effec-
tively. In the current design, the top metal which has a thickness
of 2 yum is used. However, thicker metal would definitely reduce
the series resistance and thus power consumption.

V. EXPERIMENTAL RESULTS

The multi-band CMOS LC VCO is implemented in a five-
metal 0.25 ym TSMC CMOS technology. The micrograph of
the fabricated VCO is shown in Fig. 14. The chip is mounted
on a FR-4 board and measured in a screened-room. Agilent
ES5052A signal source analyzer is used for phase noise mea-
surements. The measured single-ended output is taken from an
open-drain buffer, supplied through off-chip bias-tees as shown
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in Fig. 11. The output driver is designed such that it can deliver
an output power over 0 dBm to a 50-ohm load.

For the measurements in the high-frequency band, the supply
noise affected the measurement. This is mainly due to the low re-
sistance path between the secondary varactors and supply lines
as shown in Fig. 15. At high-band, because of the relatively low
resistance path between supply line and the points at which the
varactors are connected to the tank, the supply noise can leak to
tank. This modulates the effective control voltage over the sec-
ondary varactors, which translates into drifting in the center fre-
quency. Because the pMOS transistors provide relatively higher
attenuation, this problem is not the case for low-band operation.

This common-mode noise problem can be reduced by using
differential tuning. Thus, the noise that occurs as a common-
mode signal can be rejected. The supply voltage for the driver
can be internally regulated as well.

The VCOs tuning characteristics is shown in Fig. 16(a) for
low-band and high-band operation. The VCO has two separate
tuning voltage control inputs. The tuning range is characterized
by changing the control voltages at the primary port VTP, and
secondary port VTS independently as defined in Table 1. The
VCO is tunable from 1.94 to 2.55 GHz at low-band and from 3.6
to 4.77 GHz at high-band. Fig. 16(b) shows the VCO gain as a
function of control voltage. While the varactor connected to the
secondary windings is directly connected to VDD, the primary
varactors’ gate is biased at a voltage less than VDD due to the
voltage drop across the pMOS transistors. Thus, as can be seen
from Fig. 16(b), the primary tuning varactor has its maximum
gain around 1.4 V while secondary varactor has its highest gain
around 2 V. Fig. 16(b) also shows that oscillation frequency is
more sensitive to the value of secondary varactor capacitance.

To guarantee that while operating in one band, the second
frequency band is totally suppressed, we measured the output
spectrum of the oscillator at the borders of each band as in
Fig. 17. Fig. 17(a) and (b) shows the output oscillation at the
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TABLE I
SETTINGS OF PRIMARY VARACTORS, SECONDARY VARACTORS, AND
SECONDARY DRIVING STAGE FOR DIFFERENT VCO TUNING OPTIONS

VTP VTS Resonator
Configuration
Band-L1 Variable Fixed Single Driven
0-4V ov
Band-L2 Fixed Variable Single Driven
4V 0-4V
Band-H1 Variable Fixed Double Driven
0-4V oV
Band-H2 Fixed Variable Double Driven
4V 0-4V

borders of the low frequency band 1.94 GHz and 2.55 GHz with
the presence of the harmonic tones. Note that the existence of
second and fourth harmonic tones is due to single-ended mea-
surements. The second harmonic amplitude is 34 dB below the
fundamental amplitude for the 1.94 GHz and 30 dB below the
fundamental amplitude for 2.54 GHz. Fig. 17(c) shows the lower
end of the high frequency band at 3.6 GHz with a second har-
monic at 7.2 GHz with amplitude of 30.5 dB below the funda-
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mental. Fig. 17(d) shows the higher end of the high frequency
band at 4.77 GHz and amplitude of —9 dBm, and with a second
harmonic almost 38 dB below the fundamental. It is clear from
Fig. 17 that there are no low-band/high-band concurrent oscil-
lations, and that the current-driven band switching mechanism
completely eliminates one band when the other band is active.

The phase noise of the oscillator was measured over and at the
borders of the operating bands for various cases. Fig. 18 shows
three example plots for low-band and high-band. While the char-
acteristic of the phase noise plot is as expected for low-band
measurements at 1.94 GHz and 2.55 GHz, the measurement at
3.6 GHz exemplifies the supply noise effect at closer frequency
offsets at high-band. To show an example of the variation char-
acteristic of phase noise over the tuning ranges, the phase noise
is measured at 1 MHz from the low-band and high-band carriers
as shown in Fig. 19. For the low-band, the core current (I1) is
selected arbitrarily at 1.5 mA while for the high-band the core
current is 1.8 mA and driver current (I2) is 6 mA. The overall
performance of the VCO is summarized in Table II.

Figs. 20 and 21 show the different bias scenarios for op-
timum phase noise performance at low-band and high-band. For
low-band, the core bias current (I1) is varied at 1.94 GHz and
under 1.8 V and 1.5 V supply voltage, which is the minimum
supply voltage for the circuit to oscillate. For both supply volt-
ages, the phase noise improvement saturates around 3.4 mA as
shown in Fig. 20. For high-band, both currents I1, and 12 affect
the phase noise performance. As seen in Fig. 21, different com-
binations of I1 and I2 lead to the same phase noise. For example,
for the case of phase noise at 1 MHz offset from 3.6 GHz car-
rier, and if we consider points A and B, the same phase noise
performance (~ —122.0 dBc/Hz) is obtained at 1.8 + 5.5 mA
and 1.2+ 9.5 mA. Thus, the selection of (I1, 12) is critical in
realizing optimum phase noise performance without dissipating
unnecessary power.

The following power-frequency-tuning normalized (PFTN)
figure of merit (FOM) that includes the tuning range [35] is used
to compare the performance of the proposed VCO to published
results in similar technology nodes:

kT ( .ftune ) ?
P, sup f off

where P, is the power dissipation, fiune is the tuning range
and fog is the frequency offset from the carrier frequency at
which phase noise is measured [35]. Note that the figure of merit
expression does not explicitly take into account the technology
effect (feature size, speed, etc.). However, having two oscilla-
tors in two different technologies, even with the same drawn
current from the supply, one would have lower power consump-
tion than the other due to the effect of lower threshold voltage.
Therefore, for a fair comparison only the examples that are im-
plemented in comparable technologies are included in Fig. 22.
Table III summarizes the performance parameters for the same
examples. The figure shows that the proposed approach has the
highest FOM compared to published multi-band frequency gen-
eration circuits in similar technology nodes, while providing

PFIN = 10log

- L{fes} (19
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Fig. 18. Phase noise performance of the VCO at 1.94 GHz, 2.55 GHz, and
3.6 GHz.

wide tuning range characteristics. The power consumption can
be further reduced in the high-band by using other transformer
topologies with lower coupling coefficient.

VI. CONCLUSION

The use of double-tuned, double-driven transformers is
proposed for the realization of dual-band oscillators. Band
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switching is provided by injecting current in the secondary port
of the transformer load thus mitigating the effects on phase
noise and tuning range resulting from connecting switches
directly to the oscillator tank. The conditions required to start
oscillations are derived for single-driven and double-driven,
double-tuned transformers, explaining the nature of the band-
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Fig. 21. Phase noise at 1 MHz offset from 3.6 GHz carrier (lower boundary of the high resonance point) as a function of driver and core currents 12 and 11,
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nology nodes and the proposed multi-band VCO.

switching mechanism. The relation between the coupling
factor, frequency band separation, and quality factor at the
two frequency bands is discussed. The proposed multi-band

TABLE II
VCO PERFORMANCE SUMMARY
Low Band High Band
VDD (V) 18 1.8
Measurement Frequency
(GHz) 1.94 | 255 3.6 4.77
Iypp (MA) 1.8 1 2+5.5 |1.6+8.5
Phase Noise (dBc/Hz) at 1IMHz | -120 | -116 | -122.2 | -122.8
Tuning Voltage (V) 0-4 0-4
Tuning Range (MHz) 610 1170

voltage controlled oscillator, implemented in 0.25 ym CMOS
technology, is capable of tuning over 1.94 to 2.55 GHz and 3.6
to 4.77 GHz and achieves one of the highest reported FOM
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TABLE III
COMPARISON OF PUBLISHED MULTI-BAND FREQUENCY SOURCES
IN SIMILAR TECHNOLOGY NODES

Reference Technology Tuning Range | Phase Noise Power [mW] FOM [dB]
[GHZ] [dBc/Hz]
@ carrier
[GHZ]
3] 0.18-um SiGe 63-6.6 @1MHz Offset 19.44 311
BiCMOS 9.459.9 -106 @ 6 GHz 19.44 29.6
Mode
-104 @9 GHz
Mode

[12] 0.18-pm CMOS 2.40-2.44 @1MHz Offset 4.6 -14.4
2.47252 -134 @242 4.6 -14.4
4.65-4.80 132 @251 6 -12.1
4.92-5.12 *126 @4.72 6 -10.6

-125 @5.01
[13] 0.25-um CMOS 0.978-1.160 @3MHz Offset 11.25 -10.6
1.600-2.610 -138@1 13.50 -10.4

132@2

[14] 0.18-um CMOS 0.823-0.867 @0.6MHz Offset 16 -23.5
1.640-1.814 -125 @ 0.865 -13.6

123 @1.812
This Work 0.25-pm CMOS 1.94-2.55 @1MHz Offset 3.24 -3.24
3.6-4.77 -120 @1.94 18 -4.6
-116 @2.5 13.5 .15
-122 @36 18.18 <22

122@4.77

compared to published oscillators in similar technology nodes,
while providing multi-band operation, wide tuning range char-
acteristics, with low power consumption.
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