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Abstract—A 5.4-GHz 0.25um very-large-scale-integration and classical technologies such as very-large-scale-integration

CMOS synchronous oscillator (SO) is proposed in this paper, (VLSI) CMOS can still be brought into play.
which is designed to act as a local oscillator for hiperLAN systems. This paper presents a 5.4-GHz SO, which is implemented in
The advantage 'of u;ing such an oscillator in.a double-loop frg- such a VLS| CMOS techn6I0 The ,CiI’CUit is desianed to act
quency synthesizer is demonstrated. The design strategy leading s ; ay- > g )
to an optimized SO with regards to its synchronization range is as @ local oscillator in a superheterodyne HiperLAN receiver
described. A test chip is presented, which provides a 150-MHz with a 200-MHz intermediate frequency. First, the bandwidth
synchronization range and a—97-dBc/Hz phase noise at 10-kHz advantage of a double-loop synthesizer is detailed, emphasizing
offset from lthe 5-GHz carrier, while consuming only S mA froma 53 50-pased architecture. Based on an SO theory derived from
2.5-V supply. . _[3], the design strategy leading to an optimized SO is then pro-

Index Terms—CMOS technology, frequency synthesizers, oscil- posed. The chip is then described, and experimental results are
lators, phase-locked loops. then given, which highlight the excellent behavior of the circuit.

|. INTRODUCTION Il. SO-BASED DOUBLE-LOOP SYNTHESIZER PRINCIPLE

HE new hiperLAN standard defines, among others, a fre- The multiple-access technique retained for hiperLAN relies

quency band from 5.15 up to 5.25 GHz for future RPN the spectrum-spreading technique. It compels the synthesizer
digital data transmission systems. While a 100-MHz-wide fréo bear as large a bandwidth as possible, which means that it
guency band centered at roughly 5 GHz is not a stringent cdras to offer the largest possible natural frequency [4], [5]. Thus,
straint, such a high frequency of interest will no doubt indudée synthesizer design appears to be very challenging, and a
large power consumption within the frequency synthesizer. THractional architecture is required [5].
will mostly be due to the frequency dividers. In addition, for the In addition to fractional synthesis, multiple-loop synthesizer
dividers to be able to handle 5-GHz signals, advanced technat@n be implemented to further improve the overall bandwidth.
gies are mandated. Thus making both low-cost and low-powegeed, for a given technology, the association of both the phase
systems difficult, if not impossible, to achieve. frequency detector (PFD) and charge pump (CP) is able to deal

In addition to achieving low-power behavior, a hiperLANwith maximum frequency. We can denoted this maximum fre-

system will also have to provide a frequency-agile synthesizg4ency asi,.x. Today, the latter is a few tens of megahertz.
for the transceiver to deal with spread-spectrum multiple-alé-leads to a frequency division rati of roughly 500 when-
cess techniques. This will require a high-performance fractiorgier a single-loop fractional PLL has to provide the hiperLAN
synthesizer or multiple loop architectures. This leads to corh=GHz local oscillator from a 10-MHz reference. For the most
plex frequency-generation circuits and, therefore, a large silicetassical Type-2 second-order loop [4], the natural frequency

area, as well as excessive power consumption. is expressed as
On the other hand, synchronous oscillator (SO)-based W1
synthesizers had been previously proposed as an alternative Wn = \/—N 1)

to a phase-locked-loop (PLL)-based synthesizer [1], [2]. ) )
Indeed, the injection-locked phenomena SO takes advant¥{fterewn is the loop natural frequency without any frequency
of leads to very compact PLL-like circuits. As no furtheflivision and/ is the above-mentioned frequency division ratio.

frequency divider is needed in an SO, power consumption"@”ce: the single-loop synthesizer bandwidth, which is propor-

also dramatically reduced with regards to its PLL counterparti®nal to this natural frequency, is roughly 22 times smaller than
that of a virtual “no frequency shift” PLL—i.e., a PLL without
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LPF Assuming subharmonic synchronization [2], a major property
PFD + CP ; of an SO, the RF output frequency is then expressed as

- Y
%—Rw—ﬁ% M-H

FRF:Fref'T:N'Fref (3)

FVCO where H is the subharmonic synchronization rank of the SO.
; The M divider might be a fractional one to increase the low-
frequency PLL bandwidth, and the LFVCO might be a low-
noise relaxation oscillator [7] to reduce the out-of-band phase
noise of the overall synthesizer.

Hence, as previously mentioned, with a twelfth subharmonic
synchronization scheme for the SO, the low-frequency loop will
exhibit about 3.5 times larger a bandwidth than a single-loop
counterpart.

While an SO is a PLL-like system, itis definitively nota PLL.
Fig. 1. SO-based double-loop frequency synthesizer principle. Indeed, the SO will synchronize on the twelfth harmonic of the
low-frequency PLL output, meaning that the first out-of-band

. N itic signal of the low-f loop fi lis 12
wn1 “No frequency shift” natural frequency, (1) hlghllghtsanattParaSIIIC signal of the low-frequency loop fundamental is

| f for the low-f | hl i Imes away from its twelfth harmonic: the bandwidth is 12 times
ural frequency for the low-lrequency loop rougnly seven 'mefgrger for the twelfth harmonic than it was for the fundamental.
smaller thanw,,; . If we still assume the same,; for the RF fre-

: Assuming first-order calculation and that the SO have an infinite
quency loop, the latter synthesizes the 5 GHz from the 420 M'ﬁ%\ndwidth—or at least a sufficient one—the overall synthesizer

with a similar bandwidth since the natural frequency is not rg\;i", therefore, carry out a roughly 40 times larger bandwidth

lated to the synthesized frequency [4]. The overall synthesqﬁrém that of a single-loop fractional synthesizer.

bandwidth_is, therefore, roughly o_nly seven times smaller thanIn addition, as the SO appears to be a very small and simple

that Of. a virtual “no frequency Sh_'ft PLL and, cons_equentlycircuit, the overall SO-based double-loop frequency synthesizer

three times larger than that of a single-loop synthesizer. has a low-power and low silicon-area behavior, which demon-
These presented values are only “rules of thumb” exampleg,e the proposed SO-based double-loop synthesizer advan-

and performing thorough _computati.on can either lead 1o bet&%es, assuming that the SO has been optimized for its synchro-
or worst results. Though, it emphasizes the double-loop adv‘?ﬁz'ation range to be as large as possible

tages when a careful attention is given to loop design.
Nonetheless, the previous first-order computation supposes

that the high-frequency loop is able to deal with a 420-MHz ref-

erence, which is not compatible with what we said Wag.. It A. Theoretical Synchronization Range

iS St|” pOSSible—although d|ﬁ|CU|t—tO I‘ealize thIS k|nd Of RF The theory proposed in [3] can be adapted to Suit modern
PLL if the loop does not have to deal with channel selectiqRjcroelectronic circuits with only minor changes. It leads to the

[6], leading to a fixed division ratio, and then to lesser stringeg{nchronization range of the SO, a property similar to the lock
constraints for the loop. This approach obviously makes matteitge of the PLL [4] as follows:

worse for the low-frequency loop, which is now solely respon-

Ill. DESIGNSTRATEGY LEADING TO OPTIMIZED SO

sible for the overall synthesizer channel selection. However, re- | Lsyme| 2 2

. . S Af=2- . + F; 4)
porting the constraint on low-frequency electronics is not so bad [Vosel 9
a principle.

While such a complex a double-loop synthesizer will reacfhereAf is the synchronization rangé,, .. is the synchro-
the hiperLAN requirements, it will also consume too high Rization currentV,. is the free-running oscillation amplitude,
current with regard to the behavior of the final application. Ond[; andF;, are the so-called “compliance factors,” which are,
the other hand, one can take advantage of the SO to rep|acerg§pectively, the sensitivities of the oscillator frequency with re-
high-frequency (RF) PLL in a double-loop synthesizer. Such &qrd to variations in the real and imaginary parts ofltBgank
approach will result in a low-power and still quite simple synimpedance.
thesizer, while increasing wide bandwidth and high-speed per-
formances. B. Bandwidth Optimization

The principle of the proposed synthesizer is depicted in Fig. 1.Thanks to the theory, an expression of the SO bandwidth

In Fig. 1, we can see the low-frequency PLL with its low{BW) is obtained as follows:
frequency voltage-controlled oscillator (LFVCO). The interme-

diate frequency, is related to the reference frequeniy; as Af <arCCOS <2(f1 - fo)))

BWIT'SIH Af

®)

whereA f is the synchronization rangég, is the free-running

Fo = Fret - oscillation frequency, and is the synchronization signal fre-

S
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Fig. 2. Negative resistor oscillator.

quency. Within this bandwidth, the SO merely copies the syn- é g
chronization signal phase noise. Due to stability reasons, th "
BW is always positive. I(H)
Unlike the PLL, (5) exposes that an SO bandwidth is |
strongly related to its locked frequency. However, wily

classical values, the BW is always in the range of a few tens o, DC Mz M
megahertz. Such a characteristic is very difficult to obtain in

mz

PLL systems [4], even with fractional dividers [5].
As a matter of consequence, the larger the synchronizatio
range, the lower the SO-based synthesizer phase noise can t
Equation (4) demonstrates that it can be obtained with both large
compliance factors and large synchronization current. Fig. 4. “Floating” current realization.

I2(t)

C. Compliance Factor Optimization Such a waveform has arth harmonic amplitude of

A compliance factors computation for usual oscillator archi-
tectures establishes that, among these architectures, both Col- I, = L2 /1= cos(2né7). (7)
pitts and “negative-resistor” topologies are providing the largest nw
synchronization range. Nonetheless, the latter was preferred as maximum is obtained when the pulse duration is exactly
the negative-resistor oscillator differential nature adds substrg@s of the SO output signal period. With the components

coupling immunity for free. values of Fig. 2, a 40@:A twelfth harmonic current amplitude
The oscillator schematic is depicted in Fig. 2. is needed to provide a 150-MHz frequency range, which is well
The first-order synchronization range for this circuit is thepuited for our HiperLAN application—including a margin.
given by (6) It imposes a 4-mA current pulse at the wanted 450-MHz
synchronization signal frequency.
Af = 1 [Zsyne| 1 (6) Fig. 4 emphasizes the way we design the “floating” current
2 |Vose| € synchronization sourcd(t) with two asymmetric current

] ) o ) _.sources;(t) and I»(t). While this approach reduces the
with ¢ being the overall tank capacitor, including the parasitigjigtarential advantage, it is far easier to implement. It is the

A tradeoff between inductance parameters, power consumptigthson whyis,,; was added in the negative resistor oscillator,

and self-resonance effects leads to the components values shgwi provides voltage headroom for thig(t) PMOS current
in Fig. 2. Its yields a 600-mV differential free-running oscillagitch.

tion amplitude, and a roughly 5.4-GHz free-running frequency. Fig. 5 depicted the current pulse generator, based on a delay-
oriented design (DOD) approach [6].
D. Synchronization Current Optimization
We are looking for a subharmonic synchronization proceSs ©Overall SO
[1] with a 450-MHz synchronization signal to lock the SO at Both theNAND and inverters MOSFET dimensions in Fig. 5
5.4 GHz, i.e., the twelfth harmonic. Hence, the synchronizatiavere carefully chosen so as to provide a 4-mA output current
current waveform has been chosen as depicted in Fig. 3.  pulse duration of around 100 ps, which is in good agreement
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with the optimum value given by (7). It yields a twelfth har- § I u'H
g

monic current amplitude of 42@A, leading to a theoretical syn-
chronization range of 160 MHz, according to the above-men-
tioned 600-mV differential free-running oscillation amplitude.

In these conditions, the overall SO—i.e., the negative
resistor oscillator of Fig. 1 and the current pulse generator of
Fig. 4—sinks 3 mA from the 2.5-V voltage supply. According
to (5), the bandwidth of this SO in the hiperLAN frequency
range is always larger than 50 MHz. Hence, though the SO is a
PLL-like system, its characteristics largely outclass those of a
real PLL.

rfﬂ

R

Fig. 6. Chip microphotograph.
IV. 0.25-ym CMOS GiIP

An HCMOS7 technology chip was manufactured by A:*g:B;WB . ;f:o;igé:?’a’“
STMicroelectronics, Crolles, France, i.e., a 0;28- CMOS
technology with six interconnection layers.

The hollow spiral inductors were designed with the last twi

metal layers in parallel, leading to a quality factor of roughly |5 absia cna |
five due to the low-resistivity CMOS substrate. s|~18; 33 |@Bm ]

TheLC tank capacitor quality factor is as important as the in J
ductor one. To avoid both the low quality factor associated wit

polysilicon capacitors as well as non-VLSI and, thus, expensi
technology steps, the tuning capacitor was designed as a pse
ofractal lateral flux capacitor [1], [8]. Practically speaking, twc
series capacitors were used to help maintaining the different
nature of the negative resistor oscillator. )
Fig. 6 depicts the chip microphotograph. One can see both

) ) . CENTER 5. 40%08GHZz SPAN 10 .O0OO0OMHz
the two hollow spiral inductors and the two lateral flux capaci rew 1cokkz VBW 100kHz SWP 50 .0ms
tors. Most of the remaining circuit parts are covered by dummy
metals, which are mandated to preserve chip planarization. Fig. 7. Free-running spectrum.

V. EXPERIMENTAL RESULTS are the major culprit, as they are expected from simulation to

. . . ink more or less 20 mA each. It yields a current consumption
The chip was encapsulated in a TQFP32 classical plas 2—-3 mA for the oscillator, which is in good agreement with

package, and soldered on a specific printed circuit board (PC |)nulations

in low-cost FR2 epoxy. Measurements were then performe OIThe free-running frequency is measured at 5.405 GHz, and
with an HP8563E spectrum analyzer, and with an HP864|§e spectrum is depicted in Fig. 7.
signal generator whenever synchronization was needed. tI The single-sideband (SSB) phase noise is depicted in Fig. 8
deed, the generator provides a sinusoidal signal of arou}g 9 P P g.©.

450 MHz, which acts as the synchronization signal for the S OiL'owigfgse; githeeau’n;5ec'|’<;8rczfr:3it-;egf§neizsrmgatth;: d
to synchronize on the twelfth harmonic, at roughly 5.4 GHZ, Z: 1S ¢U u . u '

I should not been taken into account.
The dc voltage bias is 2.5 V. While this phase noise should have little influence according
to the 50 MHz of expected bandwidth, one can observe a
—99-dBc/Hz spot at a 600-kHz offset from the carrier. This is
In the free-running mode, a dc current consumption of 42 miot so bad a value with regard to the low-power-consumption
was measured. The two 30-buffers included within the chip behavior.

A. Free-Running Oscillator
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Fig- 8. Free-running SSB phase noise. Fig. 10.  Synchronized SSB phase noise.

ATTEN 200B MKR —17.867dB8m
AL_ogBm 1008/ 5. 39999682CHz TABLE |
SUMMARY OF SO CHARACTERISTICS
4 .
poTr 4 Quantity Measured value
5.2pesge8s |Grz Technology 0.25 um VLSI CMOS
s| 17} 7 |eBm 2
T Supply voltage 25V
Output center frequency 5.4 GHz
! Free running phase noise -99 dBo/Hz @ 600 kHz
Input frequency 444 MHz to 456 MHz
; Bt Synchronization range 5.325 GHz t0 5.475 GHz
SO current - synchronized SmA
CENTER . 399996826H=z SPAN 10.00KkHZ
ABW 100HZ VBW 100HZ #SWP 4.0Osac Synchronized phase noise -97 dBe/Hz @ 10 kHz

Fig. 9. Synchronized spectrum. (depending on reference)

B. Synchronized Oscillator

While synchronization is brought into play, a 2-mA mcreasé]deed as a classical PLL does, the SO phase noise is a bare
in the dc current consumption is observed. This is due to t&PY of the synchromzatlo_n _S|_gnal one, shifted by the log con-
synchronization network, which is no longer idle. version of the frequency-division ratio.

A 450-MHz input signal leads to the 5.4-GHz SO OUtth Hence, whenever a noisy synchronization signal is used, a
signal, of which the spectrum is illustrated in Fig. . gh SO phase noise can be observed. Nevertheless, since it

The 1-kHz per division at 5.4-GHz horizontal scale of Fig. obwously easier to obtain a low phase-noise signal at low

highlights the excellent stability of the SO in terms of frequency. equency than in the RF frequency range, as some compensa-

The SSB phase noise depicted in Fig. 10 is a mere corrobora lﬁ)r'i1 techniques can be implemented, the combination of both a
of this attribute. Indeed, a97-dBc/Hz spot at 10-kHz offset of ow-frequency low-phase noise reference and this SO yields to

the carrier is obtained, i.e., a significant value for a full vLsf? Ic;vrv power, low-phase noise, and low-cost frequency synthe-

and low-power CMOS circuit.

The measured synchronization range coarsely spread from
444 up to 456 MHz for the input synchronization signal, corre- VI. CONCLUSION
sponding to a 5.325- up to 5.475-GHz SO output signal. Thus,A 5.4-GHz full VLS| 0.25:m CMOS SO has been presented
a 150-MHz range is observed, while a 160-MHz range was €-this paper. This SO is well suited to fulfill a low-power fre-
pected, leading to a 7% error. Taking into account the passiygency synthesizer able to deal with HiperLAN requirements.
components dispersion, it is in good agreement with simulatiqihe major measured characteristics of the chip are summarized
results, and it stays HiperLAN compatible. in Table I.

Thanks to the very wide bandwidth of the SO, the oscillator
performances are no longer of any interest, at least as long as
As a matter of fact, the phase noise of the synchronizatidris still able to oscillate. Thus, a dramatic reduction in current
signal is mostly significant in the SO phase-noise performanamnsumption can be achieved, as the oscillator phase-noise op-

C. Phase-Noise Consideration—Limitations
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timization is not mandated anymore. In addition, VLSI CMO§
technologies appear efficient, paving the way for low-cost R
systems that are required to sustain, as well as to strengthen.
present wireless revolution.

(1]

(2]

(3]
(4]
(5]
(6]

and SiGe IC design for RF, high-speed data links, and radiation hardened
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