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Abstract—Paging receivers often have to work in a dense inevitable low Q-values making them not suitable for use
signal environment. This poses high demands on the pre-in selective filters like the pre-selecting filter of a hetero-
Se|eCti0n f||ter One Of the most d|ff|cu|t aSpeCtS |S the |al‘ge dyne paglng recelver |n the past numerous papers [3_9]
image rejection demand, which only can be safisfied by use 5.6 peen published which demonstrate the application
of a narrow-band or high-Q filter. The practical restric- . .

of Q-enhancement technique in order to compensate the

tions for possible filter implementations are the low cost, low ", o . .
power and the small size of the pager. By use of positive feed-hlgh losses of on-chip inductors. The benefits achieved

back around a cheap off-chip low-Q inductor we obtain an €Ome at the cost of higher sensitivity to component vari-
enhanced quality factor. We are therefore able to construct ations which limits the achievable enhancement factor to
selective filters using cheap small-size inductors. The price low values and/or demands some sort of control loop to
paid for Q-enhancement is a larger noise and higher sensi- gvercome this sensitivity problem. The use of on-chip in-
tivity to component variations. The higher noise influence §ctors in paging receivers is not feasible because of the

is eliminated using a high gain in the preceding LNA-stage, . : -~
which is considered a part of the filter. Simulated results relative low frequency bands which would cause the in

are: Q enhanced from 30 to 100, Image-rejection = 48dB, ductor to occupy to much die area. The idea is to ap-
fo = 280MHz, Voltage-gain = 20dB, Noise- figure = 2.4dB, Ply Q-enhancement to low-Q, low-cost and small exter-
IMFDR = 66dB, | pp = 1mA, Vpp = 2V. The original con- Nal inductors. The benefits compared to a conventional
tribution of this work is the application of the enhancement RLC-bandpass filter are the reduction in cost and occu-
principle to off-chip components, which benefits the mini- pied space. From a Q-enhancement point of view the rel-

mization of size and cost. ative high start @ (taken here 30) reduces the needed en-
Keywords—Q-enhancement, Filters, LNA, CMOS hancement factor and it is therefore expected to make the
application of Q-enhancement potentially feasible. The

|. INTRODUCTION paper is organized as follows: First the principal of Q-

Thi  deals with th lication of nhancem er:]rghancement is presented followed by the extraction off
S paperdeais w € appiication o Q-enhance eSPeCifiC Q-enhancement relations concerning noise, distor-
technique, a rather simple and old principle of compensat " . -
ing resonator | b ¢ itive feedback. The r ion, stability and the sensitivity to component variations.
g resonator 10ss by Use of posilive Teedback. € eA?\l]oractical test-case circuit is presented and nominal sim-
son that this technique did not become very important u
til recently was due to the good performance of off-chi
inductors. Today, relative small inductors can be reliable

fabricated with quality factors up to 100 however at con- Il. THE Q-ENHANCEMENT PRINCIPLE

siderable cost. The trend of miniaturization and cost re-\We can represent the pre-selecting bandpass filter by
ducing has introduced the use of on-chip inductors implg-simple second order parallel resonant circuit [3,4] as

mented in more or less standard CMOS processes. Thesewn in fig.1 whereRg represents the inductor loss.
on-chip inductors suffer from large losses because of the

high metal trace resistance and the conductive substrate
[1,2]. These high losses cause the on chip inductor to have

I¥ation results are presented. Finally the conclusions are
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Netherlands. Fig. 1. Two ways of representing the loss in a RLC resonator.
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The loss in the capacitor is not considered here becausélere a fundamental difference occurs if we compare this
it is typically orders of magnitude smaller, it can howeve-enhanced resonator with a resonator having the same Q-
be treated likewise. Under the condition of resonance tfator but without enhancement.
series resistance can be transformed to a parallel loss reFhe latter will produce the well-known wideband noise

sistanceRp according to: power of’g—i. As the negative resistance contributes ad-
ditional noise, it can be derived that the Q-enhanced res-
Rp = Q2Rs (1) onator produces a factdr_.,,,, more noise power [11].
The noise factor can be expressed as:
Then the relation to th€) of the resonator becomes: . 0
h
Pen = _(FnegR + 1) = FnegR = FQ_enh (3)
Cp Rpenn Qo
Qo = Rp T 2

Where Rpy,.isc representsip//|Rneg| and Fy,.qr repre-

The subscript 0 ofQ, is introduced to define the not-Sents the_ noise fa_ctor of the negative-R circuit compared
enhanced Q-factor of the resonator. From (2) we see tifa@n ordinary resistor of the same absolute value. So for
the Q-factor is proportional to the parallel resistance 1€ Q-enhanced resonator we expect the noise power to be
the resonator Rp. The simplest method to enhance theiggreased proportional to the enhancement faQtoo.

factor is to compensate part of the loss representeftpy  If We take into account the influence of the LNA-stage
by applying a negative resistance in series with[5] or W€ can derive the total pre-selecting LNA noise figure to
parallel to Rp. The latter is used because this yield thge:

most practical circuit values knowing that the valuelf —
is Q3 larger thanR,. The negative resistance can be ob-  Fp, . 7nva = Unineq (4)
tained by applying positive feedback around the resonator Up ant
as is illustrated in fig. 2. _ 14 Fam,nna
_ _ GmLNARpcmt
+ iin(Uoud Rneg _| + 1
Gm%NARpantanoise

—+
Uout H Rp <L =—=Cp Gmfé
L= —I WhereGm,y 4 is the transconductance of the LNA-stage,
"o Fam, v a is the noise factor of the transconductance of the
Fig. 2. Parallel mode Q-enhancement resonator, negative rel§|lélfa‘ ~stage cqmpared kT G ‘?‘”dRp ani FEPresents the
tor created by use of a VCCS, antenna equivalent parallel resistance at resonance.

If we substitute) and @y and use the relation4, =

The analyzed total circuit in this paper also included?LNA4 Rpe_nh we arrive at the following expression for
the LNA stage preceding to the circuit presented in fig. Spre—sel.LNA!
The LNA can also be represented as a simple VCCS with Q R, < Fam.Ina FQ_enh>

Fppe_ =14+ =
transconductance valu€?p.,/A, where Rp.,, means ['pre—sel. LNA + N A, A2

the enhanced resonator impedance at resonance.

(®)

I1l. N OISE CONSIDERATION From this expression we see that the influence of the

The noise behavior of a Q-enhanced RLC-resonator c&fira noise power due to Q-enhancement can be made low
be considered using the simplified circuit given in fig. 3 fOr reasonable values of the voltage gain

IV. DISTORTION CONSIDERATION

The distortion level obtained in the pre-selecting LNA
@ @ [] [] L stage can be fully assigned to the negative-R circuit be-
Sirna T Sire TRneg T Rp L Cp cause of the large signal Ievgl difference betvyeen the in-

put of the LNA stage and the input of the negative-R stage.

The distortion enhancement due to the non-linear negative-

Fig. 3. Representation of the noise sources in a Q-enhantgan be illustrated as is done in fig. 4. The R-values are
RLC-resonator. converted to conductance values for convenience.
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g By recalling that the coefficientym,; denotes the
Or transconductance of the negative-R circuit we can write:

1 1 1
_ + mi = = 9
\ Ry PO = Ry N 9)
Cp

gnegR

K_/genh BecauseRp is smaller thanRp,,,, we see thagm, must
0

be negative. Because of (8) this therefore requires opposite
™ signs betweengms andgm,.
Summarizing, the derived constrains to maintain stabil-

Fig. 4. Representation of the linear loss gR and non-lipgay, 1Y for large input voltages are found to be:
conductances leading to a non-linear total conductange

gms 1

4gmg Rp

o gmy <

A measure for the distortion is the relative deviation in
the g.,,;, Value at certain input voltage level, which become o gmg < 2\/gm3 (RLP i gm1>
larger if the enhanced-Q becomes larger. The IM3 level
can if we assume balanced circuits be expressed as [11]:

1 2
® gm3z > ——7—gmj
3 L %
— 242 2 | &P
IM3 = 4”m,antAv9m3Q Cp ®)  Note that: gmso and gms can also be zero both at once,

alsogms can be zero independent of the valugyofs but
Wheregms represents the third order coefficient of a Tayyns may not be zero ifym; is not zero as can be seen
lor approximation of they.,.,,(u;,) relation. Note that the from the last constrain. The explanation is that the total
distortion level does not depend on the enhancement fagtonductance can actually be decreased without causing in-

but only on the final enhanced-Q value. stability depending on the value of conductance left to zero
after enhancement. This remaining conductance depends
V. STABILITY CONSIDERATIONS on the final-Q value as can be seen from (9).

From the simplified representation given in fig. 4 Wghe conclusions drawn from this evaluation are:
can also deduce some stability criteria concerning relative/Ve need a transconductor for implementation of the
large input voltages. The resulting conductagge, may ~ negative-R with opposite signs fgrn; andgms. This
never become zero or negative for any input voltage, thidestricts the implementation possibilities to strong inver-
means that the function describigg, (ui,) must have a sion non-saturated common gate circuits and the strong

positive minimum larger than zero. We can approximateinVersion saturated common source circdig]. _
the g..;, value by use of a Taylor series: o If we use a transconductor with low third order distor-

tion, then we need an even lower second order distortion.
) So very tight IM3 requirements can make Q-enhanced
resonators more subject to instability.
. . _« If we have a second order term then, enlarging the final
Where we assume that the considered large input S|gnalé can cause instability for large inputs. The final en-
are still small enough to let the approximation be valid.  p5nced impedance has to be low enough to maintain sta-
From the calculus we know that the extreme can beyijity for the expected input levels. This means that for

found by taking the derivative of the functig@,.(uin) > a given final-Q value the maximum enhanced resonator
0 and equate it to zero, the found extreme value of the totajpedance is restricted.

conductance than becomes:

1
Genh = R_p + gmi + gmaUout + gm?)ugut

A general recommendation that can be made is to use

gm3 balanced circuits to minimize the even order distortion.
R_p +gmi1 — 4gms >0 8 These circuits do need good matching in order to be able

to gain the full benefit of even order canceling. The choice
We also know from calculus that to ensure that the fourd balanced circuits was already made based on the need
extreme function is a minimum, the second derivative has high common-mode signal rejection to suppress inter-
to be larger than zero which requirgsis > 0. ference from the digital part of the paging receiver.
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Fig. 5. The proposed Q-enhanced pre-selecting LNA circuit that is simulated to verify the found relations.

VII.

It is common knowledge that the sensitivity to compo- The relations found are verified by means of simulation
nent variations in a negative feedback system is lowered.a representative prototype circuit as is given in fig. 5.
In the case of Q-enhancement presented here the negafive resonator in this circuit is extended with an extra se-
resistance used for compensating the resonator lossesels resonance which improve the image rejection. The
obtained by using positive feedback. So besides the gansistors M1 and M2 form the LNA stage while M3 and
value we also expect to enhance the sensitivity for comt4 provide the negative resistance. The tuning possibil-
ponent variations. The sensitivity coefficient can be ekiy of () and A, are represented by variable resistors for

VI. THE SENSITIVITY TO COMPONENT VARIATIONS PossIiBLE PROTOTYPECIRCUIT

pressed as: simplicity. The most important specifications for the pre-
iy selecting LNA system for use in paging receivers are given
_ v _Tdy (10) in table 1:
“” df y dx It is found using (2) in (5) that to design for maximum

allowed noise figure, which is necessary if we want to min-

WhereS; means the sensitivity of outpytto component jmize power consumption, this yield only one solution for
value variations ofc. After calculations it becomes clear

that the sensitivity of the center frequency can be neglected

TABLE |

for reasonabl&), values(> 10) and that only the voltage T .

. . Specification Desired value
gain A, and the final Q-value are affected by enhancement. —

. o - Noise figure 2dB

We can derive that the sensitivity to component variations :
. . \oltage gainA, 20dB
is roughly proportional to the enhancement faaiptQ)o. MEDR 5108
This is a serious problem. For given tolerances this sets A Z
the maximum usable enhancement factor. Without the ap- Imagg Rejection >40dB ex. Ant.
plication of a control-loop e.g. as proposed in [13] this Final Q 100
maximum enhancement factor can be to low for certain Supply current | 1mA @ 2V

applications.
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the resonators L and C value. The impedance level is theifethe enhancement factor is increased by lowering the
fore determined and the transconductance values of thgvalue. This implies that the only real problem of
transistors can be derived. The only non-determined ga-enhancement applied to a pre-selecting LNA stage is
rameter in the circuit is the effective gate-source voltagiie enhanced sensitivity to component variations. The
The effective gate-source voltage has to be chosen to sagin conclusion drawn is that the full benefits of Q-
isfy the dynamic range and the low-power demand. Tle@hancement can be obtained if a control loop is applied.
dynamic range is expressed by means of the InterModtnr paging receivers, Q-enhancement can be more inter-
lation Free Dynamic Range which defines the input rangsting if other reasons like automatic frequency tuning al-
starting from the equivalent input noise level until the inceady demand a control loop.

put level at which the intermodulation products are equal
to the noise level. This dynamic range definition relates
the third-order intermodulation distortion level to the noise The authors would like to thank the University of
level and is therefore very useful in characterizing narroWwente and Ericsson Radio Systems, The Netherlands for
band filters. From simulations done using the Spectre-Rteir support that has resulted in valuable discussions and
simulation tool and using a MM9 model for the 0.3%1 fruitful co-operation.
CMOS process, the obtained nominal results are displayed

in table 2 below.
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