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An Intuitive Current-Driven Passive Mixer Model
Based on Switched-Capacitor Theory
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Abstract—An intuitive current-driven passive mixer model is
presented. Without using complex math, it provides a signal-
transfer-function/noise description of a passive mixer when used
in a wireless receiver (RX) chain driven by a transconductor
and loaded by a low-pass baseband (BB). Exploiting a switched-
capacitor approach, the model represents a useful tool for simple
hand analysis and design. The case of a 25%-duty-cycle quadra-
ture RX chain based on a transimpedance amplifier at BB is
analyzed in detail and compared with simulations, showing good
accuracy.

Index Terms—Current-driven passive mixers, down-conversion
gain, noise figure, quadrature chain, wireless receivers (RXs).

I. INTRODUCTION

ERO-IF RECEIVERS (RXs) with passive mixers have

become the solution of choice in recent times primarily for
their low flicker noise, high linearity, and low power consump-
tion. This has led to a large number of papers analyzing both
their signal and noise behavior. However, the existing theory
of passive mixers is not always intuitive. A possible reason is
that, contrary to an active mixer, a passive one does not isolate
RF from baseband (BB). This affects the RX signal transfer
function (STF) and the noise transfer functions for both the BB
and the mixer switches [1]-[9].

Passive mixers can be operated either in voltage mode or in
current mode depending on the relative values of the RF and
BB impedances. A general theory of passive mixers based on
a Thevenin equivalent of the RF source is given in [1]. A gen-
eralized analysis of multiphase switched-series-RC' networks
covering both mixing and sampling and still using a Thevenin
approach is described in [2].

This brief addresses current-driven passive mixers. Using a
Norton equivalent of the RF source [3], it provides particularly
intuitive results in the context of high, and predominantly
capacitive, RF output impedance.

For such a topology, the literature has approached STF and
noise from different points of view. The STF of an RX with a
passive mixer has been analyzed by Mirzaei et al., providing
the down-conversion gain versus frequency through a current
balance at the RF output of the low-noise transconductor (LNT)
amplifier [4]-[6]. Circuit calculations and up-conversion to RF
of the BB input impedance have been used to analyze both
nonquadrature and quadrature architectures. The BB noise of
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Fig. 1. 50%-D-C RX: Three-step procedure to get the SC model.

a current-mode passive mixer has been first studied in a qualita-
tive way by Redman-White and Leenaerts using a switched-
capacitor (SC) approach [8]. A detailed analysis of mixer
switch noise has been proposed by Chehrazi et al. [9] through
the mathematical series expansion of a square-wave local oscil-
lator (LO), together with an RC-filter circuit model. Both latter
results, however, apply to nonquadrature architectures only.

The model proposed here provides STF and noise for both
single- and quadrature-chain current-driven passive mixers.
The approach is based on an intuitive SC analysis that derives
STF and noise from the BB point of view. While the STF
description also holds for voltage-mode mixers, current-mode
operation is necessary to validate the noise theory. A low-pass-
BB input impedance, with a cutoff frequency below the LO
frequency fo, is always assumed. Accurate fitting is achieved
if the BB cutoff frequency (for a first-order filtering) is at
least one decade before fj. This assumption is almost always
satisfied in an RX chain.

This brief is organized as follows. Section II derives the STF
and noise for a 50%-duty-cycle (D-C) single-chain RX. The
analysis is extended to the 25%-D-C quadrature chain for STF
in Section III and for BB and mixer noise in Section IV. In
Section V, the model is compared with simulations for the case
of an RX that uses a transimpedance amplifier (TTIA) at BB. The
Appendix extends the results, removing some of the simplifying
assumptions.

II. 50%-D-C SINGLE-CHAIN STF AND NOISE MODEL

Fig. 1 shows a fully differential implementation of
a nonquadrature RX with a passive mixer. The switches are
assumed ideal (i.e., Rsw = 0 and the parasitic embedded in the
RF and BB sections), and Zpp is the BB input impedance. The
LO is assumed to have nonoverlapping 50%-D-C square-wave
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Fig. 2. 25%-D-C quadrature RX.

phases with very small rise and fall times and enough amplitude
to turn on the MOS transistors with good overdrive. The LNT
is modeled as a current generator Itn rr (phasor at frequency
frr) in parallel with a capacitance Cpnt. For a 25%-D-C
clock, the more general case of a finite resistance in parallel to
Cn is also analyzed (Appendix B). An LC' parallel resonant
load at fj is not considered since, for scaled-down technologies
and realizable inductances, this would require adding some
extra capacitance in parallel to the parasitic, thus losing most
of the benefits of such a solution [e.g., 400-fF resonation at
2 GHz (1 GHz) with 15.6 nH (62 nH), which are unpractical
values in the CMOS technology].

Fig. 1 shows the three-step procedure used to derive the SC

model proposed in this brief.
1) Separate the RF current generator Iinrp from the
impedance Cpnt by substituting the mixer with two
mixers in parallel driven by the same LO, i.e., one
connected to Iiy rr (mixer A) and the other connected
to CpnT (mixer B). This transformation does not modify
the circuit since Rgw = 0 has been assumed.
2) Down-convert Iixrr to BB via mixer A. The down-
converted signal is the current generator I1n pp (Fig. 1)
whose amplitude at frp — fo is equal to (2/7) - Iin rF.
Although Iinpp contains replicas of the RF signal
around the LO harmonics, the voltage at BB is only
significant at frp — fo since Zpp has a low-pass shape
with a cutoff frequency much below fj.
3) Replace mixer B with the equivalent impedance seen
looking into its output (Zgq). For a 50% D-C, Zgq can
be evaluated using a classical SC approach and corre-
sponds to an SC resistance Rpq = 1/(2CLn - fo) [7].
The aforementioned model can produce, in a straightforward
way, the mixer STF (performing a simple current partition of
the down-converted current signal Ity pp between Rgq and
Zpp) and the transfer functions of the BB noise sources. The
noise of the mixer switches is instead obtained treating Rrq as
a standard noisy resistance (i.e., with a PSD equal to 4kT Rgq).

Although the model has been obtained assuming that Rgw =
0 and ideal LO, these assumptions can be removed, as shown in
Appendix A.

1. 25%-D-C QUADRATURE-CHAIN STF MODEL

In the following, the derivation in Section II is extended to a
quadrature RX chain with a 25%-D-C LO (Fig. 2), making the
same assumptions as the 50%-D-C case. A quadrature RX with
50% D-C is not considered since it was shown to have much
worse performance [5].

By using the same procedure in Section II, the RF current
generator Ity rr is converted into two BB ones I1n gp,r and
Iin BB,@, both with a \/2/7 down-conversion gain (for a 25%
D-C) but displaying a 7/2 relative phase difference (Fig. 3).
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Fig. 3. Ideal down-conversion of the RF signal Ity rF in quadrature BB.
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Fig. 4. Impedance calculation scheme for a quadrature-chain STF model.
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Fig. 5. (a) Differential voltage at Cp,nT in the impedance test. (b) STF

quadrature-chain model.

The equivalent driving impedance Zgqs seen from BB for
the I (QQ) path is computed as reported in Fig. 4 (the notation
Zrqs is used since the driving impedances for signal and noise
are different). A test voltage phasor Vy is placed at the I (Q)
mixer output together with a correlated one jVx (/2 shifted)
at the () (/) mixer output. Zgqg is then evaluated as the ratio
between the test generator voltage and the average current [ x
flowing through it.

Ix is obtained multiplying the charge absorbed by the ca-
pacitors during the different phases of the LO period by the
clock frequency. As reported in Fig. 5(a), capacitors Crnt
alternatively sample the test signals Vx and jVx. This implies
that the charge absorbed by the mixer every LO cycle is equal
to (1 — 7)Vx CLnr, giving the following driving impedance:

1 _ (1+9)
1—7)Cintfo 2Cintfo

Zrqs corresponds to a complex resistance (i.e., there is a
complex relation between the current and the voltage in the
time domain). The real part comes from the charge sampled
by Crnt in the I path, while the imaginary part comes from
the charge sampled in the () path.

Fig. 5(b) reports the final model for the I (@) path. Again,
the down-conversion gain versus frequency is obtained from the
partition of the down-converted current signal Ity g between
the driving and the BB impedance. The presence of a complex
value element (resistor) makes the STF asymmetric around dc.
This behavior captures the asymmetry around the LO of the
RF transfer function (different gains for frequencies below and
above fj) already reported in the literature [1], [4]-[6].

ZEqQs = ( (D
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Fig. 7. (a) Impedance test for BB noise. (b) BB noise quadrature-chain model.

As an example, we consider for the BB a TIA based on a
finite-bandwidth operational amplifier (OA) that implements
a first-order filter at 1/(R,C1), as shown in Fig. 6(a). The
down-conversion current gain G(jf) (i.e., the ratio between
the current into Zpp and the RF current) obtained using a
normalized complex RF tone (phasor) Ity rp = exp(j27 frrt)
at frequency frr = fo + fis

V2 4é1+j)f
. - ™ LNTJo
GGf) = a1ty Ry (1+j52m f7) @

4CLNT fo (14427 fC1R1)(1+Ao+j27fT)

The equivalent impedance Zpqg, for Rsw # 0 and for a
finite resistance Rynt in parallel to Cpnt at the LNT out-
put, is computed in Appendix B, making use of the result in
Appendix A. Applying this result for the same BB as above,
the following STF is obtained:

1
G ] =
() 1+ j2m frrCLnT Rsw
V2, LEQS’)
T 2

3)

(ZEQS’> + Ri(14j27 f7)

2 (14527 fC1R1)(14+Ao+727fT)
(neglecting Ry, N in the first factor). Comparing the analytical
model with simulation, we have verified that, for the latter case,
(3) is more accurate than the STF provided in [5] and [6].
On the other hand, the SC model cannot handle much more
complicated RF loads like those considered in [5].

IV. 25%-D-C QUADRATURE-CHAIN NOISE MODEL

The following analysis is divided into two parts: BB noise
and mixer switch noise.

A. BB Noise Model

The main difference with the STF situation is that, now, to
compute the driving impedance of the I () path, the correlated
test signal on the ) (I) path has to be substituted with Zpp.
Therefore, the driving impedance is no more independent from
Zpp as it was for the STF. To simplify calculations, an ideal
TIA (i.e., Zg = 0) is assumed [Fig. 7(a)]. This implies that,
when Cp T is connected to the @ path, it is fully discharged.
For a real BB, this simplification introduces an error in the
model, whose magnitude will be given later.

1 path | S} Imcers 3 Zeasw 2Zm | | 4T
mixer,Q = Imixer,| =

ZEQSW
Q path éi Imixer. %ZEQSW |:| 2Zsg

Noise injected by the mixer  Noise transferred from |
charging and discharging  (Q) path when Cur is
(phase 1,3) Cur discharged (phase 2.4)

Zeqsw =

_2
Cunrfo

Fig. 8. Mixer switch noise quadrature-chain model.

For this case, areal driving impedance Zrqpg =1/ (Crnt - fo)
results. Moreover, since, in each clock cycle, the I (Q) noise
stored in Cpn is discharged in the @ (I) path, the noise orig-
inating from the I (Q) path is also observed in the @ (I) path
(I—@ noise crosstalk). The obtained BB noise model is shown in
Fig. 7(b). Notice that Zgqpp (the noise driving impedance) is
3 dB larger (in modulus) than Zgqs (the STF driving impe-
dance), but an additional noise source is present in the () path.

The model is now applied to the same BB used in the STF
section [Fig. 6(b)]. The noise PSD at the I (Q) TIA differential
output Voue. 1 (Vout,o) produced by the I (Q)) OA is

dV02ut I
df .
A(Gf) R1+(Zrqsp/2)+j2m f R1C1(ZrqQBE/2)
=4kTRon - - —& -
A(GH+1 aiha +(Zeess/2)+52r R1C1(ZeqBB/2)

“)

and the noise PSD produced by the @) (I) OA is
dVo2ut,I

df

=4kTRoa

( A@iS) )2‘ R,
A@Gf)+1 7A(?le»l +(ZeqBB/2)+j27mR1C1(ZeQBB/2)

(&)

in which R4 is the equivalent input noise resistance of the OA
(either of the I and @ paths).

B. Mixer Switch Noise Model

The noise produced by the switching transistors is analyzed
following the approach proposed in [9] and extending it to the
quadrature case. For simplicity, an ideal TIA is again assumed
at BB (ZBB = 0)

The I—@ noise crosstalk is relevant also in this case. Each
switch in the I (Q)) path (when on) injects its noise directly into
the I () BB on one side and into Cp,n7 on the other side. The
amount of noise charge sampled by C1,NT at turnoff depends on
the Rsw—CpnT time constant and on the clock on-time. This
noise charge is then discharged into the @) (/) BB during the
next LO phases, contributing to the overall RX noise. Due to the
symmetry of the architecture when Zpp = 0, mixer I (Q) di-
vides its noise evenly between the two paths. For the  (¢)) BB
and assuming that 1/(2r RswCrNt) > fo, both mixers I (Q)
and @ (I) contribute a noise equal to that of an equivalent SC
noise resistance Zpqsw = 2/(CLnt - fo) as shown in Fig. 8.

Applying again the model to the BB used in the STF section,
the noise PSD contributed by either the I or ) mixer at the
I (Q) TIA differential output Vous 1 (Vout,0) 18

av?

out, T

d,
f 2
__AKT | _AGS) R1Zpqsw
Zeasw | AGN+T 0 4 (Zugsw/2)+527 f B1C1 (Zuqsw/2)

6)
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Fig. 9. Down-conversion mixer gain (STF) (Rr,nT = 2 k).
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Fig. 10. Spectre PAC versus STF model (Ct,xT =400 fF and Ry NT =2 kS2).

TABLE 1
PSS—-PAC SIMULATIONS VERSUS STF MODEL

RF load [fF-kQ] 800-2 800-0.25 400-2 400-0.25  100-2 100-0.25
Rsw[€] 1 20 1 20 1 20 1 20 1 20 1 20

Max Error [mdB] 85 95 78 90 43 40 50 58 8 22 70 80

V. MODEL VERSUS SIMULATIONS

The comparison with simulations will be done only for
the quadrature architecture (i.e., the most used in prac-
tice) and placing at BB the TIA shown in Fig. 6(a). The
simulations are performed using Spectre PSS—PAC-PNOISE
(PSS harmonics = 100; PNOISE sidebands = 100). Except for
the mixer noise, all simulations use simplified switches (i.e.,
without parasitics). The LO frequency is 2 GHz and the value
of CLNT is 400 fF.

A. STF

The simulated down-conversion gain versus frequency at the
I (@) output for Ry =5 k2, C; = 15 pF (2.1-MHz pole),
Ay =102, and 7 = 31.8 ns (500-MHz OA bandwidth) is re-
ported in Fig. 9. The four solid curves represent the down-
conversion gains for frp > fo and frr < fo for the cases of
Rsw =1 Q and Rsw = 20 €. To get a quantitative feel for the
accuracy of the model, the difference between the simulated
and the analytical predicted conversion gain (3) is plotted in
Fig. 10 versus frequency. The four curves correspond again
to the positive and negative frequency offsets from fy for
Rsw =1 Q and Rgw = 20 2. The values of the equivalent
driving impedances (single ended) are also shown in the figure.
The model correctly predicts the asymmetry in the conversion
gain between positive and negative frequencies around the LO.
Table I reports the maximum error when Cp N is varied from
100 to 800 fF and Ry Nt is varied from 250 €2 to 2 k). The
error is within 0.1 dB in the whole 50-MHz frequency range.
The consistently small error for such a large variation of the
parameters proves the solidity of the model. The model has
shown comparable accuracy also with low RF impedance and a
pure capacitor as Zpp, i.€., it can also predict a voltage-mode
STF. Instead, the model does not work if a purely resistive Zgp
is chosen, since point 2 in Section II is not satisfied.

The gain frequency dependence (Fig. 9) can be intuitively
understood noting that it is maximum at high frequency where
Zpp 18 minimum and minimum near dc where Zgg is max-
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Fig. 11.
model.

(a) BB noise PSDs. (b) Mixer noise PSDs. Spectre PNOISE versus

imum. The pole of Zgp makes the gain increase, while its
zero (due to the finite OA bandwidth) makes it flatten again.
To better understand the gain behavior, the dashed curves in
Fig. 9 refer to the simple case of 7 = 0 and Rgw = 1 2. In this
case, Zpp decreases monotonically with frequency, and when
it becomes sufficiently small, no current partition can occur so
that the ideal —6.9-dB (1/2/7) conversion gain is reached.

B. BB Noise and Mixer Switch Noise

The simulated noise PSDs due to the I and Q OAs at the
TIA differential output V5, ; are reported in Fig. 11(a) from
dc to 50 MHz for Rgw = 20 €2 and the same parameters in
the previous section. Equations (4) and (5) are also plotted
in Fig. 11(a) to compare them with the simulated results.
The noise PSDs obtained from the model fit the simulation
with good precision. The in-band (2-MHz) integrated errors
are —0.6 and +0.5 dB, respectively. Summing the in-band
output noise values (in an uncorrelated way) for the I and @
OAs gives —0.15-dB total error. This value remains quite low
even when Crnt is varied from 100 to 800 fF (—0.27 and
—0.12 dB, respectively). The error is due to the fact that zero
BB impedance in the ) (I) path has been assumed in the
model. In actuality, near dc, the BB input impedance reaches
its maximum value Ry /(1 + Ap), giving rise to a charge loss in
the noise crosstalk effect described in Section IV-A. This charge
loss is responsible for the incorrect noise redistribution between
the I and @ paths. Notice that, at high frequency, the PSD error
tends to zero since the BB input impedance approaches zero.

Consider now the switching transistor noise. The simulated
PSDs at the I TIA differential output V5,7 due to either the 1
or ( mixer are shown in Fig. 11(b) for the parameters as above.
Real switching transistors have been used in this simulation,
i.e., Rsw = 20 €, and parasitics have been included. Equation
(6) is plotted also in Fig. 11(b) for comparison (including the
switch parasitic capacitance into Cpnt). For the I mixer noise,
the model fits the simulation with good precision (0.25-dB in-
band integrated error). The bigger error for the ) mixer noise is
explained again by the ground discharging approximation used
in the model.

If the noise due to the mixers is computed when Cp N7 is
varied from 100 to 800 fF, the integrated in-band error varies
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real mixer model
(Rsw#0 + ideal mixer)

(ideal mixer)

+ Rsw

- 1
= jwCLNT
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NN = TINRF ————————
1+ jwCLNTRsw

Fig. 12.

from 0.1 to 0.3 dB for the I path and from 0.8 to 3 dB for
the () path. Summing the in-band noise values (evaluated at the
output and in an uncorrelated way) of the I and () sources gives
a total error that varies from 0.5 to 1.5 dB. At high frequency,
the PSD error again tends to zero, and the 50% I/Q) noise
partition is verified. Notice that the error becomes significant
(> 1 dB) only for values of C,nyT much larger than practical
ones (generally less than 0.5 pF) and having assumed a TIA
in-band input impedance of 50 2, which is a very pessimistic
value.

As opposed to the STF model, the noise model cannot
correctly represent the behavior of either the mixer or the BB
over the entire frequency range if a pure capacitor is used at
BB [1], [2]. In this case, the model is valid only beyond the
frequency at which Zpp becomes sufficiently low with respect
to ZEQBB~

Finite switch on-resistance Rgyy . Norton equivalence.

APPENDIX A
SIMPLIFYING ASSUMPTIONS OF THE MODEL

A. Nonideal Switch and LO

Section II makes two simplifying assumptions, i.e., Rgw =
0 and ideal LO phases. It turns out that removing the first one
also removes the second since it is possible to demonstrate that
the presence of overlap or disoverlap can be described (with an
acceptable error) with an equivalent nonzero Rgwy .

If Rgw # 0, it is no longer possible to directly separate 1y
from Cpnt at RF (doubling the number of mixers), but an
intermediate step is required as shown in Fig. 12. First, the real
mixer is converted into a cascade of a resistance Rgw (placed
on its RF side) and an ideal mixer with Rgw = 0 [3]. Second,
the RF circuit is substituted with its parallel Norton equivalent.
The equivalence is valid under the assumption of a constant
Rgw during the on-period, which makes the circuit linearly
time invariant. The RF current generator can then be down-
converted and substituted with its BB equivalent. The conver-
sion gain from IiN rr to Iin g is still equal to 2/m at a low
frequency but shows a low-pass shape. However, for typical val-
ues of Rgw, the effect is negligible for f comparable with fj.
On the other hand, the value of the impedance seen at BB is af-
fected by the presence of Rsw, as discussed in the next section.

B. Zgqs for a Finite Resistance Ryt and Rgw # 0: Z’EQS

When a finite resistance Rynt is placed in parallel with
CynT, a simple SC theory cannot be directly applied. The STF
is obtained as in Section III; however, Zrqg is computed in the
current domain referring to Fig. 13(a) and assuming also that
Rsw # 0 and 25% D-C.

The voltage across Crnr [V in Fig. 13(a)] during each
clock phase has an exponential response [Fig. 13(b)] to the
input test voltage V. The average current flowing into Cpnr
is given by the charge stored in it times the LO frequency and
depends only on the value of V}, at the end of the phase. On the

(a) v Rsw - V2 %8 <t< jfv
jVx/i2 <t<
Rint T Cuinr Vx  Vx= Vyl2 71fz_<'< —43%

L . : Vxl2 Fstet
(b)

Vyl2 i £ g
A =

Vxi2 Vxi2

1, t

1
Ruwr 1/(4f)
RswHRunr vz ’

Fig. 13. General impedance analysis for finite RpnT and Rgw # 0.
(a) Equivalent circuit used in the impedance test. (b) Voltage across C1,NT.

other hand, the average RpNT current is obtained, integrating
IginT = V7 /RiNt in the same phase and observing that only
half of the phases have to be considered in the evaluation.
Separating the contributions, the differential BB impedances

due to Cr,nyT and Ry nT are
(14+7j) Runt + Rsw (le(‘*Tlfo)) 7
(8)

ZBQsc =
@ 2CLNT fo Rint

Zrqsr =4(Rint + RSW)l

(1 4TSy + 4Tfoe(4T1fo)>

respectively, where 7' is the time constant of the
Rsw||Rixt—Crnt network. The equivalent BB differential
impedance Zf;(g is the parallel of Zggsc and Zrqsr and can
be used to get the mixer STF by current partition, as explained
in Section III.

When Rsw = 0, Zrqsc corresponds to Zgqs (as expected),
and Zgqsr is equal to 4Rrnt. The latter result can be un-
derstood noting that Ry Nt is seen from BB, during each LO
period, for a time equal to 1/(4fy); therefore, its value is
multiplied by four. Zgqsc = Zrqs is also true if Rgw # 0, but
Ri N is infinite, under the assumption that the network settles
completely within the 25%-D-C time slot.
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