Enhancement of VCO linearity and phase
noise by implementing frequency locked loop

Abstract— This paper investigates the on-chip imple-  Following application of the FLL can highlight the
mentation of a frequency locked loop (FLL) over a VCO advantage of this method. In applications using PLLs,
that decreases the phase noise and linearizes the transferthere are parts, where output jitter is more critical

function. Implementation of the FLL inside a PLL is h tout d wh it laxed h
also investigated and a possible application is highlighted. Such as outputs and where It 1S more relaxed such as

Design of a special kind of low noise frequency detec- INPUts. In these kind of applications, a ring oscillator
tor without a reference frequency (frequency-to-voltage is used when output jitter is not that critical, but low

converter), which is the most critical component of the phase noise LC VCOs are used in PLLs, where output

FLL, in a 0.25 pm BICMOS process is also presented. jier js important. That's why; two different VCOs
Linearization and approximately 15 dBc/Hz phase noise imol ted. If in th . itical PLL. FLL i
suppression is demonstrated over a moderate phase noise@'® IMplemented. 1 in the noise criica ' IS

LC VCO with a center frequency of 10 GHz. implemented over the same ring oscillator that is used
in the input, phase noise of the ring oscillator can be
|. INTRODUCTION suppressed and frequency locked ring oscillator can be

used in the output. This way the control voltage of the
VCOs are one of the most critical blocks in PLLsying oscillator in the input can be copied to the other
so there is a huge research going on to improve thigg oscillator and substantially decrease the locking
performance of the VCOs. The FLL that includesime. This frequency locked VCO will be linear as well
a VCO, a frequency-to-voltage (f2V) converter, and having the same gain over the frequency range will
voltage-to-current converter and the loop filter will beye another advantage.
defined as the proposed "VCO block” in this paper. Up to our knowledge, there has not been any work
The advantages of having a FLL around a VCO in gyblished implementing FLL inside a PLL on chip,
PLL can be summarized as following two points.  in order to decrease phase noise and achieve linear
VCO is a non-linear device by nature. FLL makesgontrol on VCOs. However; there are some works
the "VCO block” tuning curve linear. This brings theto implement it by discrete components [1]. Use of
advantage of having the same VCO gain for differesfwitched banks in digitally controlled oscillators gives
frequencies inside the VCO tuning range. When thg relative linearity to the oscillator transfer function,
VCO gain changes due to non-linearity, the loop gai@which is an active research area both industrially [2]
of the PLL changes for different frequencies inside thgnd academically [3], [4]. Main disadvantages of this
frequency range. This results in a compromise on thgay of linearization are complexity, extra circuitry,
jitter transfer of the module. That's why; using a lineaincrease in locking time and power consumption. FLL
VCO block gives the advantage of having the samie a good alternative to this method and both can be
jitter transfer in all frequencies inside the frequencysed together as well.
range using the same loop filter. In this paper, linearization concept will be discussed
PLL with a low loop bandwidth filters the phasein section I, followed by phase noise suppression in
noise in the reference, but can not suppress the phagetion Ill. Transistor level design of a f2V converter,
noise of VCO in frequencies higher than PLL bandwhich is the most critical component in the loop, will
width. FLL with a high loop bandwidth over the VCObe explained in this section as well. In section 1V,
decreases the phase noise of the VCO inside the Firhplementation inside a PLL will be explained and
bandwidth. feasibility of implementing another loop inside a PLL
The advantage of implementing a FLL over a VCQvill be demonstrated.
can be observed in both of the main VCO types.
Implementation of FLL can linearize the LC VCOs by o
relatively decreasing the phase noise, depending on theLinearization concept
f2V converter noise contribution. On the other hand, The principle of linearizatin can be described as fol-
the phase noise of ring oscillators can be decreaskedvs. The tuning curve of the proposed "VCO block”,
extensively by obtaining more linearity. The phaswhich now consists of FLL, is independent from the
noise performance of the FLL depends mainly on théCO tuning curve and determined by the response of
f2V converter noise, so phase noise of higher noighe f2V converter. Once the FLL settles, the output
VCOs can also be decreased to similar amounts wittequency is set by the input voltage, which acts as
lower phase noise VCOs. an offset voltage on the response of f2V converter.

II. LINEARIZATION



Loop. Filter @ wyeo IS linear, it can be defined as a constdtifay cony

instead of a g(x) function, so (5) can be written as;
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From (6), it can be seen that the proposed "VCO block”
will have a linear transfer function with a constant gain
determined by f2V converter.

VF2V_conv wyco =

Fig. 1. The proposed "VCO Block” containing FLL
B. Smulation results

An example using verilog-A models is used in this
The f2V converter output voltage has to compensa&&ction to prove the concept. For the simulations, both
the offset created by the input control voltage andCO and f2V converter is set to work at frequencies
overall transfer function of the system follows theébetween 9-11 GHz. For f2V converter, 0.5V and -0.5V
linear transfer function of this component. Hence, theorresponds to 9-11 GHz in order to have a reasonable
structure can be used as a new VCO, whireis the sensitivity value, which is targeted in the application,
control voltage andu,., is the output frequency. The SO the input control voltage should be swept between
proposed VCO block is shown in Fig. 1. -0.5V and 0.5V in order to move along the full f2V

In order to see how the concept works, let's firsgONverter response. -
look at the equations of the loop. The output voltage 1h€ working principle of the system can be de-
of the f2V converter can be defined as (1), where g(effiPed as follows. When the FLL is settled, for

is the transfer function of the f2V converter. example at the center frequency, the control voltage
and output of f2V converter will add up to zero and
VF2veonw = g(Wvco) (1) oscillator output frequency will not change anymore.

é{Vhen a positive offset voltage is applied as the input
control voltage, the voltage of the output of adder will
), which is increase and after integration, this will result in an
' increase in the output frequency of the oscillator. This

g i
the output voltage of the loop filter, is calculated by (2)|gcrease will be detected by the 2V converter and will

Here, contribution of the f2V converter is subtracted, s ted " it ding t
in the actual implementation, it will be designed wit € tc?nver e asba nega 'V]? t\éo age ct:_orreslpon ng 1o
a negative slope transfer function. T is the integrat(gpfa requency, because of e negative siope sensi-
) tivity. This way, the loop will stabilize again, when
constant of the loop filter. . ;
the input voltage of the integrator adds up to zero. So
Vir,., = 1 /(Vm — Vaveons) - dt @ the new output frequ_ency will correspond to another
T voltage-frequency point in the response of the f2V
By using the information from (2), output frequencyconverter, which becomes the master of the loop. The
of the FLL is written as (3). steps explained can be followed in Fig. 2.
1 In Fig. 2, first graph is the external control voltage,
wyco = Kveo - T /(Vm — Vraveonw) - dt  (3) second graph is the corresponding frequency detector
. output voltage, 'third graph shows the output voltage
When the loop settles, e.g. in the steady state, VC§} the adder, fourth graph is the output of the integrator
frequency will not change any more, so whemtoo;  and last graph is the output frequency of the proposed

{ K
310\/00 - Voo . (‘/zn - VF2Vcon1)) =0 (4)

After being subtracted from the overall control voltag
of the proposed VCO blocKf{,,) and integrated by the
filter, the input voltage of the VCOW, i

out

ot T
Using (1) and (4), a¥(y¢co cannot be 0, oo =2 V) m
wyco =g (Vin) (B) e

600m 7 VIC/f2vout")

As it's seen in (5), output frequency of the VCO is nowg =
dependent on the inverse function of the f2V converter”” ...
and independent of the VCO sensitivity variations. The .. —
f2V converter is the new master of the loop and centers=——— L
frequency is also set by the f2V converter and not the

LC tank of the oscillator.

In order to see the transfer function of f2V converter |-~
and how it matches up with these equations to give |,
linear voltage frequency characteristics for the VCO
block, one can refer to section llI-A and particularlysig. 2. The linear response of the "VCO block” to all kind opirt
look at (11). As transfer function of the f2V convertercontrol voltage transitions

T.0u 2.00 B
time (s )



"VCO block”. T 7 -

The comparison between the standalone VCO hav- = Cn = Ce
ing a square root transfer function and the same VCO o
inside the FLL, which constitutes frequency locked Wc‘m
VCO (FLVCO), is done by applying the same input vad vad I
voltages to both and looking at the output frequencies. =

Input voltage of OV to 3V is applied to both of the n vad | vdd
systems and a divider and offset circuitry is placed in
front of the "VCO block” to get the required voltage
range in the input. The voltage-to-frequency responses
and the derivatives of the responses are seen in Fig. = =
3. It's seen on the left that a square root function can
be converted to a linear transfer function and on the
right the slope of the "VCO Block” transfer function
is constant over the input voltage range as desired. yqfined asuwg —

>
>

Fig. 4. Dual slope f2V converter schematic

L, so the voltage of the LC tank

. VL
[1l. PHASE NOISE SUPPRESSION IS,
. . . 2 2
It's much faster to run phase noise simulations on _ (Wip —Wo
: ; . Vie = Iro-( )L (7)
phase domain models, because high frequency vari- Win

ations associated with the voltage-domain models agince the frequency deviation of the FM signal is
not present in phase-domain models. These models gifctly proportional to the modulating signal’s ampli-
suitable for phase noise simulations, so all componentsde, the output of the slope detector will be distorted,
in the design are modeled in phase domain. Noigfcause output voltage is not directly proportional to
contributions of the individual component is added t@equency deviation in (7).
the models and overall phase noise of the SyStem iSBecause of the poor |inearity Of Single S|ope detec-
simulated. tors, a dual slope detector is designed as shown in
In order to see the phase noise suppression of thgy. 4. Two LC tanks are designed and resonance fre-
FLL, it's I’equired to see the noise contribution fronhuencies are set to approximate|y 9 GHz and 12 GHz
the f2Vv converter, which becomes the new master m order to cover the center frequency and required
the loop, also in terms of noise contribution, whichrequency range and give a detector gain of acceptable
will be evident with equations in section I1I-B. value. The outputs of this two slope detectors have
A. Transistor level design of f2V converter opposite si_gns because of the way they are connected
to the amplitude detectors and are subtracted from each

After investigating several f2V converter topologi€Sgiher. This results in a linear region in between two
dual slope detector is found to be the most suitable, bequencies as seen in Fig. 5.

terms of low noise, acceptable detector gain within an |, order to see how this circuit works. one can

acceptable frequency range and high speed. write the output voltage of the f2V converter as in (8),

Slope detectors are the simplest type of frequencyq,ming contribution from parasitic resistances cancel
detectors. In spite of its simplicity, the slope detector ig;ch other in subtraction:

rarely used because it has poor linearity. It is necessary ) )

to look at the expression for the voltage across the LC V(out) ~ Wosy — Yoy, L-Ipc ®)
tank in the slope detector, in order to understand why Win

this is the case. Resonant frequency of the LC tank is

LLL\G0 et _camparson s scnematc - b 6 TaaBes 2008 Transfer function
Expressions 0 <] Dual slope frequency detector
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Fig. 3. a.Sensitivity of VCO and FLVCO b.Derivative of seisiy Fig. 5. Transfer function of dual slope f2V converter
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Gadder 14
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K
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From noise transfer functions, it can be seen that in
the bandwidth of the FLL, the noise from the VCO
is suppressed substantially by the loop, but there are

Fig. 6. Layout of the dual slope f2V converter. additional noise from the other elements of the loop,
which are suppressed less. VCO and f2V converter are
the most noisy components with most active elements

If the expression forw;, is put in terms of center and F2V converter noise is suppressed less than VCO

frequency of the f2V converter, plus frequency phase noise.

changeAw and use the approximatioiq}z ~1l—2 In addition, it can be seen that the noise contribution
for small values of x; from the adder is added to the frequency detector noise
w2 — w2 Aw and have a strong effect on the loop noise, so as will
Viout) ~ —42 21 .. [, (1— =) (9) be discussed in section IV, adder can be eliminated by
Wo Wo current addition.
If dual slope f2V converter gain is defined as,
w? w2 C. Smulations including f2V converter noise
Kot = % L-Irc (10)  After adding noise contribution of the dual slope f2V
_0 converter and adding the phase noise values of a mod-
then V(out) can be written as; erate LC VCO, it can be seen from Fig. 8 that phase
Aw noise of the proposed VCO block is approximately 15
Viout) = Kaer- (1 - UT)) (11) " 4Bc/Hz less than the standalone VCO inside the FLL

It's seen from (11) that dual slope f2V converters give §andwidth. _ . _ o .
linear transfer function proportional to input frequency Puring these simulations and investigations, it is
change in the frequencies near the center frequerféyServed that the phase noise of the overall VCO
and they have a negative slope. The layout of the dUdPck depends heavily on the f2V converter noise
slope f2V converter is shown in Fig. 6. The Outpuperformance and VCOs Wlith.much higher phase noise
noise current floor of the designed detector is found 8" be decreased to a similar phase noise value by

0.27e 2! A2/Hz for 184 mV/GHz detector gain. using a low noise detector.

) IV. IMPLEMENTATION OF FLL INSIDE A PLL
B. Phase noise of the FLL
While implementing the FLL inside a PLL, main

The noise contributions of each block will be addegoncer s the stability of the loops. Bandwidths of
to find the noise contributions as seen in Fig. 7. e |9ops should be well separated from each other,

Forward gain of the 100p i fwa = Kueo - H(5)/5,  in order not to hurt the stability of the other. In this
where H(s) is the loop filter response. The loop gain is

defined ag;o0p = Kyco - K20 - H(s). By using these
definitions, noise transfer functions can be written as, T e ]
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Fig. 7. Noise sources in a FLL foV converter
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implementation bandwidths are set 2 decades a'W":W:ig. 10. Contribution of different blocks to PLL phase noise
from each other.

Two loops can be integrated either by a voltage adder
that sums the output voltage of the phase frequengtyan the PLL bandwidth up to offset frequencies inside
detector (PFD) filter and the f2V converter as demonhe FLL bandwidth. Stand alone VCO phase noise is
strated in the FLL schematics. Another way is usinghown by dotted line in order to show the suppression
transconductance amplifier (TCA) to convert the outpiy the FLL.
voltage of the PFD filter to a proportional current. By
current addition in the connection point of the two V. CONCLUSION
loops, final current is sent to FLL filter. This can be On-chip frequency locked loop (FLL) implementa-
implemented as seen in the Fig. 9. The choice betwetian over a VCO of a PLL is investigated, which is
the configurations depends on the noise contributidhe first investigation published up to our knowledge.
values of voltage adder and TCA used after the PFAdvantages of linearity and phase noise suppression

filter. are demonstrated by both theoretical calculations and
_ simulations using Verilog-A models including real
A. Loop transfer functions noise values of the components. Final design is not

F2V converter zero cancels the pole of the VCdnplemented on chip yet, but it was proved by simula-
inside the FLL, so the need for the zero realized bi{jons that using this method, linearization can easily be
the loop resistor is not existent in the FLL. There is achieved and phase noise suppression will be achieved
filter after the PFD in the final implementation, so thélepending on the noise of the VCO, especially on
FLL resistor in Fig. 9 can be omitted in calculationsfing oscillators. Transistor level implementation of a
By using the definitionK ;o = Ko, - Krca, FLL special low noise f2V converter (frequency detector)

open loop transfer function is; without a reference frequency is also presented and a
K K possible application of using FLL is also explained in
Hppnon(s) = W (16) introduction section to highlight the advantages.
FLL"S

As can be seen from (16)fo; and Crrz can be ACKNOWLEDGMENT
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Fig. 10 shows the noise contribution of different
dynamics in a PLL. As seen in the graph, the region,
where the FLL is effective, is the frequencies higher



