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Abstract. Some issues when applying a Miller N-path filter to narrowband direct-conversion
receiver (DCR) based on current-driven passive mixer and solutions to mitigate those issues are
presented. The small impedances of the parallel LC circuit of low noise amplifier (LNA) at high
frequencies cause undesirable effects: conversion gain reduction, noise figure increase and non-
linear effects of the switches. A commutated network with the addition of resistors R, and R,
is proposed to reduce the influence of those undesirable effects. The receiver is designed in the
frequency range from 2.4 GHz to 2.6 GHz with 0.18 um CMOS UMC technology. When applying
the Miller N-path filter, although the conversion gain decreased by 3 dB and the noise figure
increased by 1 dB, the in-band linearity (P, , and IIP3) of the DRC increased by 6—9 dB compared
to the DRC without the Miller N-path filter.
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AnHotanusa. B ctatbe paccMOTpeHBI HEKOTOPBIC TTPOOJIEMBbl, BO3HUKAIOIIME TIPU IPUMEHE-
Huu N-KaHalbHOTO (pusibTpa Muiepa B y3KOMOJOCHOM MPUEMHUKE MTPSIMOTO MpeoOopa3oBaHus
(TITIIT) Ha ocHOBE MAaCCUBHOTO CMECUTEJIS C YIIPABJICHUEM IO TOKY, a TAKXKE METObI YCTPAaHEHMUSI
9TUX MpoodseM. Masible uMIienaHchl napaineapbHoro LC-KOHTypa MajolIyMsIero YCUanuTeast
(MIIIY) Ha BBICOKMX 9aCTOTaX IMIPUBOISAT K TAKAUM HeXKeJIaTeJIbHBIM ITOCIEICTBUSIM, KaK CHIKE-
HUe Ko3dduimeHTa nepegadn, yBeandeHne Ko3gduieHTa myMa 1 HelmHeiHbIe 3 GhEeKTh B
nepexaodaTessax. s yMeHbIIeHUS BIUSHUS 9TUX HeXKeJaTebHbIX TOCISACTBUN MpeaiaraeTcs
KOMMYTHUpYeMasi CXema ¢ 100aBIeHneM pe3ucTopoB R, u R_,,. [IpueMHUK NpeaHasHayeH 1
paboTHl B mnama3oHe 9acToT ot 2,4 I'Tix no 2,6 I'Tix ¢ mcnons3oBanmem 0,18 mxkm KMOTII-TexHO-
soruu komnanuu UMC. Tlpu npuMeHeHnn N-kaHajabHOTO buibTpa Muiepa, Xots Koaddu-
LIUEHT Tiepeaun cHu3wics Ha 3 n1b, a koaddunmeHT uryma ysennawics Ha | 1b, BHyTpurosoc-
Has uHeiHocTs (P, u 11P3) ITIIIT ysennuunnack Ha 6—9 n1b 1o cpaBHeHHMIO ¢ TPUEMHUKOM 0e3
npuMeHeHus1 N-KaHajabHoro uiasrpa Muiepa.

KimoueBsle cj10Ba: y3KOITOJOCHBIN TPUEMHUK TIPSIMOTO TIpeo0pa30BaHUSI, ITACCUBHBIN CMECHUTETh
C YIIpaBJICHHEM 10 TOKY, N-KaHaJIbHBIN GUIBTp Musuiepa, KaHajlbHas (DUIBTPALIUSI, MAJTOIITyMSI-
Wi yCUIINTEIb, KOMMYTHpyeMas cXxeMa

Jnsa nutupoanus: Tran T.D. Channel selection at input of narrowband direct-conversion receiver
based on current-driven passive mixer // Computing, Telecommunications and Control. 2024. T. 17,
Ne 4. C. 46—55. DOI: 10.18721/JCSTCS.17404

Introduction

Current-driven passive mixer is a suitable choice for modern direct-conversion receivers (DCR), be-
cause it has low flicker noise and high linearity [1—8]. For narrowband DRC based on current-driven
passive mixer, to achieve the maximum conversion gain of the receiver, the coupling capacitor needs to
be nearly resonant with the inductor at the load of the low noise amplifier (LNA) [9—11]. This resonance
not only suppresses out-of-band interferers, but also eliminates noise at the harmonics of local oscillator
(LO) frequency that are not down-converted to the baseband at the mixer output, significantly reducing
the noise figure of the receiver.

However, the large conversion gain of the receiver reduces its linearity. In practice, the 1 dB compres-
sion point (P, ;) and input third-order intercept point (IIP3) of the receiver are in the ranges of —26 dBm
to —23 dBm and —14 dBm to —10 dBm, respectively. With such a low level of linearity, the conversion gain
of the receiver will be drastically reduced when receiving in-band interference of not very high power, such
as —15 dBm. To suppress in-band interferences the Miller N-path filter was used as a channel selection
filter. In these papers, LNA is designed to work over a wide frequency range [12—16]. Therefore, its output
impedance is a resistance. On the other hand, for narrowband DCR based on current-driven passive mixer,
the LNA loads a parallel LC circuit. Therefore, when applying a Miller N-path filter to this receiver, some
issues appear, such as conversion gain reduction, noise figure increase and non-linear effects of switches.

© YaH T.4., 2024. U3paTensb: CaHKT-TMeTepbyprckuii NONMTEXHUYECKUI yHUBEpcUTET MeTpa Bennkoro
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Fig. 1. LNA circuit with input source (a), equivalent circuit of LNA with input source (b),
equivalent source between the input and output nodes of the LNA (Thevenin equivalent) (c, d)

This paper studies some issues when applying a Miller N-path filter to narrowband DCR based on cur-
rent-driven passive mixer and proposes solutions to mitigate those issues.

Some issues applying a Miller /NV-path filter to narrowband DCR based on current-driven passive mixer

When applying a Miller N-path filter to a narrowband DCR, it is necessary to connect a commutated
network between the input and output nodes of the LNA as shown in [13]. Using Thevenin equivalent
LNA together with input voltage source Vin((o) (Fig. 1a) and its impedance RS = 50 Ohm is equivalent to
a circuit consisting of a voltage source Ueq(a)) connected in series with impedance Ze (o) (Fig. 1c) ora
current source qu(co) in parallel with impedance Zeq(joa) (Fig. 1d) calculated by the following formulas:

U, (o) B (J(;)V((]Oz)[fo R(sjoa) -1

_ Zpin (]m)Rs I:l — 4 (]w):l
ZA_in (]w)+Rs

Zy(Jo)

+ZA70ut(j(’0)9 (1)

Ua (@)

where Z, , (jo), Z,  (jo) are input and output impedances of the LNA, respectively; 4 (jo) is the
conversion gain of the LNA.

Then, when connecting the commutated network to the input and output nodes of the LNA, we
obtain the circuit for the small-signal model in Fig. 2. Using the methodology presented in [17], the

current Iinl(oa) is calculated. Then, at 0.8w_ < ® < 1.20 , where @_ is the switching angular frequency,
the voltage Ueql(m) is calculated by the formula:

Udt (0) = Ly (0) = Fys () | Z, (J0) =

=|Rsw +Z¢, (jCO)+( C(m)Zeq (](’3) & (m)Zeq (]C‘)) z{st C((D)

@)
1+g(0)Z(jo)|  Z(jo) *m}’w (@),
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Fig. 2. Equivalent circuit for the small-signal model
when connecting a commutated network to the input and output nodes of the LNA

Nsin((n—;jijsh—l[ﬁlza (jmc)’ o) § ()
2nsin((ww:0°]ﬂ]

= (1+IN)’ Z(jo+ INjo,)
Z(jo) =Z, (jo)+ Ry +Z¢, (jo) = Z,, (jo), Ze (jo)=

where c((u) =

1
joC,

Firstly, let us consider the conversion gain reduction of the LNA. Now we calculate the output volt-
age |Ueq1((u)| of the LNA for the desired signal at the frequency ® = ®_. In this case, the ratio (® — ®_)/
/o, =0, therefore [c(®)| >> |Zeq(]'c0)| =~ |Z(j®)|. Then formula (2) will take the form:

1 [ (o
U (0)=] Ry +— 1 I (0)~— a 1) ’
,;w (1+IN) Z,, (jo+ INjo,) ,;w (1+IN) Z,, (jo+INjo,)

taking into account the following approximation:

Ry << - ! I ‘

= (1+IN)’ Z,, (jo+INjo,)

As mentioned above [12—16], Zeq(/'co) is a resistor over a wide frequency range. Then we have:

I, (©) Iy (@)

Ueql(w): +0 1 ~ 1 :qu (m)Zeq (jm):Ueq ((D)

= (1+INY Z,, (jo+INjo,)  Zy(j®)
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Fig. 3. Commutated network with resistors R, and R, (a);
commutated network with increased filtering efficiency (b)

This means that the output voltage |Ueql(0))\ of the LNA with the commutated network for the de-
sired signal at frequency ® is approximately equal to the output voltage |Ueq(0))| of the LNA without
the commutated network for the desired signal at frequency ®. On the other hand, in a narrowband
DCR based on current-driven passive mixer, |4 (j®)| and [Z, = (jo)| are large only near the input
frequency fin and are very small at high frequencies due to the selectivity of the parallel LC circuit at
the output of the LNA. Therefore, from (1) it is clear that |Zeq(]'0))| is large only near the input fre-
quency fin and is very small at high frequencies. Consequently, it is impossible to apply the following
approximation:

I (o I (o
Ueql((’o): +o0 q(l) ~ ql( )

zzw (1+ IN)2 Z, (jo+INjo,) Zg ()

Then, small values of |Z_ (jo + [Njo )| at high frequencies will significantly reduce |U_,(®)|. Con-
sequently, the conversion gain of the LNA and receiver decreases.

Secondly, consider the noise figure increase of the LNA and receiver. Due to the conversion gain re-
duction of the LNA, the noise contribution of the LNA noise sources, the mixer, and subsequent stages
will increase significantly, increasing the noise figure of the LNA and receiver.

Thirdly, when connecting transistors (switches) of the commutated network directly between the in-
put and output nodes of the LNA, the voltage level at the transistor terminal is quite high, which causes
nonlinear effects of the transistors.

Solutions to mitigate indicated issues

The reason for the conversion gain reduction and the noise figure increase of the narrowband
DCR based on current-driven passive mixer is that |Zeq(]'co)| has very small values at high frequencies.
To reduce these undesirable effects, it is necessary to increase |Zeq(/'co)| at high frequencies. For this
purpose, resistors RFB] and RFBz are introduced, as shown in Fig. 3a. To further increase the filtering

efficiency, a commutated network is used in [13], which is shown in Fig. 3b with the resistors RFB ,and
R

FB2®
In addition, the resistor RFB2 isolates the terminal of the transistors (switches) of the commutated
network from the output of the LNA, thereby reducing the voltage level at this terminal of the transistors

and not causing nonlinear effects.

50



4 Circuits and Systems for Receiving, Transmitting and Signal Processing >

VDD

=

Lg

! L_SLCR2EK_RF
GND d=210.00083u
I w:bu
n=4.5

W |=8.557@7n

383.0001f
12

C1
c
R
T

GND

|
|

W15

GND & .#EIN:UM &N
@ w=50u
2> .Nf:1

m:1

1.5

vde=

149.98u

18.0u
3.595421n

£
= [e)
I >
Mad LUy m 4 6 13
N - H_18_NM N_18_MM _ H_18_tM
> = 1=2@3n 1=202n |1=260n
w=100.0000u w=100.0000u G806u w=100 &
m''f] a'f] ahf!
) | m:l | m: Rull
= [ 2 L L]
) ‘
" L_SLORZGK_RF
GND d=180.06030u
w=20u
n:l1.5

W |=868.6082p

[}
=
(]

Fig. 4. The schematic of the LNA

Design of narrowband DCR based on current-driven passive mixer

The schematic of the narrowband DCR based on current-driven passive mixer is presented in [9].
The receiver is designed in the frequency range from 2.4 GHz to 2.6 GHz (desired frequency band) with
0.18 pm CMOS UMC technology. Fig. 4 shows the schematic of the LNA based on inductively-dege-
nerated cascode common-source topology [18]. In this circuit, C is the coupling capacitor between the
LNA and the mixer and is calculated using the method in [9]. The resistor R = 10 Ohm at the output of
the LNA is the input impedance of the subsequent stages: mixer and transimpedance amplifier (TIA).
This resistance needs to be small enough to ensure the switches work in current mode and not worsen the
quality factor of the inductor L of the LNA. In the desired frequency band, the performances of LNA
according to simulation results are: |A0| = 22.3 dB; noise figure NF = 2.1 dB; transconductance G =
= 77.5 mA/V, which is determined by the ratio of the current flowing through the coupling capacitor C
to the input voltage V', of the LNA.

The schematic of the TIA is shown in Fig. 5. The TIA is designed using a common gate circuit to en-
sure its minimum input impedance. According to the simulation results, its input impedance is a parallel
RC-~circuit with R, = 82 Ohm and C,, = 20 pF.

The width W . of the transistors (switches) of the current-driven passive mixer is chosen so that its
resistance st is small enough and its parasitic capacitance does not significantly reduce the conversion
gain of the receiver. The optimal value is Wmix = 120 pm with “the number of fingers” being two. Then
Ry, =5 Ohm.

Simulation results when applying Miller N-path filter

The LNA circuit with the commutated network in Fig. 3b when CL = CL2 = 2 pF was simulated using
the Cadence software platform for the 0.18 um CMOS UMC technology. For a fixed width W = 10 pm
with “the number of fingers” being one of the switches, the dependence of the LNA performances on RFBl
and RFB2 is presented in Table 1.
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Fig. 5. Schematic of the TIA
Table 1
Dependence of the LNA performances on R, and R,
R, Ohm 0 50 100 200 200 300
R.,,, Ohm 0 150 300 400 600 700
G, mA/V 32.1 52.2 58.8 60.9 63.5 64
K, dB 16.8 11.2 7.9 6.3 5.2 4.3
NF, dB 3.40 3.03 2.86 2.70 2.69 2.61

where K is the in-band interference suppression coefficient, which is determined by the ratio transconductance G of the
LNA for the desired signal to G for in-band interference; NF'is the noise figure of the LNA.

The simulation results in Table 1 show that when resistors RFB , and RFBZ are absent, although high

in-band interference suppression KS = 16.8 dB is achieved, the transconductance G and noise figure
NF of the LNA are deteriorated by 7.7 dB and 1.3 dB compared to the case without the commutated
network. With an increase in R, and R, causing |Zeq(/'co)| to increase at high frequencies, these dete-
riorations are reduced. For RFBI =200 Ohm and RFBz =400 Ohm, the dependence of the LNA perfor-
mances on the width W with “the number of fingers” being one of the switches is presented in Table 2.

Table 2
Dependence of LNA performances on the width W
of the switches when R, =200 Ohm and R_,, = 400 Ohm
W, um 2 5 10 15 20 30
G, mA/V 71 66.5 60.9 56.5 53 47.7
K, dB 5.2 6.3 6.3 5.9 5.5 4.8
NF, dB 2.34 2.52 2.70 2.85 2.97 3.17

The simulation results in Table 2 show that with increasing width I of the switches the transconduc-
tance G and noise figure NF of the LNA deteriorate due to the increase in the total parasitic capacitance
of the switches. Since these parasitic capacitances reduce |Z, . (jo)| and |Z,  (jo)| (and consequently

_out
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|Zeq(/'0))\) at high frequencies. Based on the simulation result in Tables 1 and 2, W = 10 pm with “the
number of fingers” being one, RFB , =200 Ohm and RFBZ =400 Ohm are selected. In this case, the sim-
ulation results of the LNA show that although the conversion gain and the noise figure of the LNA are
deteriorated by 2.1 dB and 0.6 dB, respectively, its linearity increased by 8—10 dB.

The narrowband DCR based on current-driven passive mixer was simulated with st =5 Ohm for

two cases: with and without commutated network. Its performances are shown in Table 3.

Table 3
Performances of DCR
DRC with commutated network DRC without commutated network
K, dB 235 26.5
NF, dB 3.42 2.45
P, dBm from —14 to —10 from —20 to —18.5
11P3, dBm from —1 to +3 from —9 to —4

where KG is the conversion gain of the DRC, which is calculated by the ratio of the differential output voltage of DRC
to its input voltage.

The simulation results in Table 3 indicate that when using commutated network (applying Miller
N-path filter), although the conversion gain K decreased by 3 dB and the noise figure NI increased
by 1 dB, the in-band linearity (P, . and II1P3) of the DRC increased by 6—9 dB compared to the DRC
without commutated network.

1dB

Conclusion

The issues when applying a Miller N-path filter to narrowband DCR based on current-driven passive
mixer are considered: conversion gain reduction, noise figure increase and non-linear effects of switches.
The reason for these issues lies in the small impedances of the parallel LC circuit at high frequencies. Due
to these imperfections, when using the commutated network, the conversion gain and the noise figure of
the LNA are deteriorated by 7.7 dB and 1.3 dB, respectively. A commutated network with the addition
of resistors RFBl and RFBZ is proposed to reduce the influence of imperfections. Based on the simulation
result, W = 10 um with “the number of fingers” being one, RFB , =200 Ohm and RFB2 =400 Ohm are se-
lected. When using commutated network, although the conversion gain decreased by 3 dB and the noise
figure increased by 1 dB, the in-band linearity (P, _ and I1P3) of the DRC increased by 6—9 dB compared
to the DRC without commutated network.

1dB
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