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Mixer fundamentals

Mixers — General Considerations

= Component used for frequency translation by multiplication of two signals (RF
signal with a periodic signal called the LO signal for down conversion mixers)

= Mainly two types of mixers
» Passive mixers
» Active mixers

= Passive mixers do the frequency translation but without any gain (they actually
introduce some loss), whereas active mixers can achieve some gain
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Mixer fundamentals

Mixers Fundamentals

Xip @) =xpp (@) -x10() © Xp(f)=Xpr(/)*Xo(f)
A A

[ 1 LV L

®Lo WRF~OLO CORF+(0L0

xLo(f)ZALO'COS(wLO'f) g XLo(f)—— [6(f = fo)+6(f + fo)]

Xpp (1) = xgp (1) Ao -cos(@pp 1)

X1F<f>=AL—O-XRF<f>*[5<f—fo>+5<f+fo>]=AL—0-[XRF<f—fo>+XRF<f+fo>]
2 2

= Mixer generates frequency components not present at the input, it is therefore not
a LTl system

= However, with respect to the RF and IF inputs only, the mixing of the sum of two
RF signals by the same LO is a linear process

mix(a-xRFl +b-xRF2) =q- mix(xRF1)+b-mix(xRF2)
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Mixer fundamentals

Mixer Characteristics — Conversion and LO Gains

G
RE__ o
XRF XiF
@;
XLo

= Different gains can be defined

= The conversion gain is defined as the ratio of the rms voltage of the IF (output or
downconverted) signal to the rms voltage of the RF signal (input)

Gy = XiF
Xpp
= The LO gain is defined as
X
Gro= —X]F
LO
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Mixer fundamentals

Mixer Characteristics — Linearity

= Similar to amplifiers except that IF signal is at a different frequency than RF signal

= Nonlinearities in the RF section of the mixer can cause in-band intermodulation
products

= Two-tone third order intercepts, [IP3 and OIP3, can be defined for input signal and
desired output signal respectively

= 1dB compression point is also used in conjunction with mixer gain to allow fair
comparison among different mixers topologies

= Typical mixers exhibit an [IP3 of 10dBm or less
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Mixer fundamentals

Mixer Characteristics — Mixer Noise Figures

= Single side-band (SSB) noise factor is the ratio of SNR at the desired output
frequency (IF) to the SNR at input frequency (RF) measured in a single side band.

A A
o A
Thermal % Image / Signal XRF XiF
noise i band /i band
1
7F - T : T \ > O T »
OLO~®IF ®Lo ORF Xio OF

= Double-sideband (DSB) noise factor is the ratio of SNR at the output (IF) to the
SNR at the input measured in both signal and image side bands (input signal
spectrum resides on both sides of LO frequency, a common case in homodyne or
zero-IF systems)

A Signal A
band
Thermal XRF XiF
noise
7/ \ » X »
Lo LO 0
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Mixer fundamentals

Mixer Characteristics — Mixer Noise Figures
= SSB NF is 3 dB higher than DSB NF in the ideal noise-less mixer with a sinusoid
LO signal

= Typically mixers are noisier than amplifiers due to the noise folding nature of
mixers

= DSB NF ranges from 10-15 dB
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Mixer fundamentals

Mixer Characteristics — Port-to-port isolation

= |solation is defined as the amount of feedthrough of input RF and LO signal to the
desired output band

= Large LO component at IF may desensitize subsequent stages

= RF component in the IF rises the issue with respect to even-order distortion
problem in homodyne receiver

= Reverse isolation of IF and LO signal back to the input (RF) port is also of great
importance especially in minimizing interference to other receivers

= |solation of around 30-50 dB is considered adequate for most communication
systems
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Mixer fundamentals

Mixer Characteristics — Spurious response

= Mixers can generate numerous cross-products of the LO and RF signals and their
harmonics

Ogpyy =M Opp 10O

where n and m can be any positive or negative integers
= Need to ensure none of the spurious components fall in the desired (IF) band
= Analysis is tedious, need CAD tools

= Adequate input filtering as well as the choice (or quality) of LO and IF can limit the
amount of spurs in the desired band to acceptable levels
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Non-linearity based mixers

Nonlinearity-based Mixers - Principle

= |nstead of implementing the multiplication operator, frequency translation can also
be obtained by using a nonlinear device
XRF

Xin | nonlinear

Xin () = App - cos(@ppt )+ Ar o - cos(@p ot ) 00

XL0

= |f the mixer can be considered as a memoryless nonlinear system, the output is
then given by

2 3
Xout (1) = f(xin (t)) = a1 Xy (1) + X2 Xin (1) + a3 Xip (H)+...
= Situation is then similar to a nonlinear amplifier with two-tone input

= |n addition to the harmonics, the useful component for the mixing operation
corresponds actually to one of the 2"d-order IM products

xXpp(t) = oy - Agp - Ao - cos((@pp — @pp)t)
= QOther components need to be filtered out by an appropriate bandpass filter
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Non-linearity based mixers

Nonlinearity-based Mixers - Principle
= For a fixed LO amplitude, the IF output amplitude is linearly proportional to the RF
input amplitude

= The nonlinear-based mixer hence implements a linear mixer since the output is
proportional to the input

= The conversion gain for this nonlinearity is then given by

Grr =0y Aro

= Note that a square-law nonlinear mixer has the advantage of producing only
frequency components at DC, 2"d harmonics 2w g, 2w and wgr + Wy,
Wgrp — Wy, hence the filter can be very simple since the components to be
filtered are at very different frequencies than the desired one
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Non-linearity based mixers

Square-law MOSFET Mixers

Vos

uC

-W
Gopr =1 4, ,, =10
RE 2n Lo 2n-L

Aro

= The square-law mixer can be implemented by using a single MOS transistor
biased in strong inversion

= For long-channel devices, the conversion gain (actually transconductance if we
look at the drain current) is independent of the bias (assuming in Sl and constant
mobility)

= Poor isolation between LO and RF (a bit better for the right one)

E P - I © C. Enz | 2022 Low-power radio design for the loT Slide 13 ICLAB




Outline

= Mixer fundamentals
= Non-linearity based mixers
= Multiplier-based mixers

= Detailed analysis of the single balanced mixer (SBM)

E P - I © C. Enz | 2022 Low-power radio design for the loT Slide 14 ICLAB



Multiplier-based mixers

Multiplier-based Mixers

1,

[ M1

M2

1,

I

Vio(t) l_l

lo()=lo+Ire (1)

= Nonlinearity-based mixers produce many unwanted frequency components and

usually have a poor LO-to-RF isolation

= Multiplier-based mixers don't have these drawbacks

= They are usually based on the differential pair, where the RF signal is added to the
bias current provided by the queue current source and the LO signal is applied to

the differential input
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Multiplier-based mixers

The Single Balanced Mixer (SBM)

h I = The RF signal is added to the bias
o— M1 M2 — current I;, and switched to either
VLo(t)l output by the differential pair
la()=l+Ire (Y = The differential output current is equal
to the queue current modulated by a
o x periodic function m(t)
" 1, = |f the differential pair is hard-switched,
NNERE then m(t) corresponds to a square
— wave with no dc component
l,,=5—1, = The output spectrum contains only odd
harmonics of the LO and the
Vio®)=A;p - t
10()= 410 cos(@01) components resulting from mixing with
Igp () = Agp - cos(wppt) the RF signal

Loy () =1, (t) - m(t) = (I, + L g (1)) -mi(t) = L - m(t) + 1 gz (£) - m(t)
T. Melly et al., JSSC, Jan. 2001.
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Multiplier-based mixers

The Single Balanced Mixer — LO Feedthrough

= The differential output current is given by

a0 = L0 m(t) = (1, + L (1)) m(0) L () m(0)

= The first term corresponds to the LO feedthrough to the harmonics of the LO by
the modulation signal m(t)

= |f the differential pair is hard-switched, the modulation signal can be assumed to be
a simple square wave

= The fundamental component is the strongest and is given by
4 :
Lour-o(®)=—-1p -sin(27 0t )

= Since it is proportional to the bias current, if the later is too large, this component
might desensitize the next stage

= A detailed analysis valid for any LO amplitude and from weak to strong inversion is
given next
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Multiplier-based mixers

The Single Balanced Mixer — Conversion Gain

= The output spectrum is given by

T® +00
: 2
" odd " odd

up-converted dc to odd harmonics of f1o includes down-converted RF signal (n=+1)

= Assuming the RF signal is a cosine Iz (t) = Agp - cos(wgpt) and that the
mixer is hard-switched, the signal at IF f;z = frr — f10 iS given by’

2 :
Lot (1) ==— AgF -8in (27 fipt)

= The conversion gain under hard-switching conditions is then given by

2 App
o [out—rms|a,:a,IF B ; \/5 _z
RE Arp - Ajr 7w
J2 J2

1) see Appendix 1 for the detailed derivation
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Multiplier-based mixers

Multiplier-based Mixers — The Double Balanced Mixer

17,01 17,02

T\
17,1 17,2 17I3 17I4

—| M1 M2 [ M3 M4 IJ

= The LO feedthrough of the single

balanced mixer can be avoided by
using the double balanced mixer

= All the LO feedthrough components

are canceled in the differential output

vLo(t)T current
I ls Loy =Io1 — Loy =11 = I, = (14— I3)
y (t)i—l M5 M6 |—— L =1, =15-m(t), I4—13=14-m(2)
RF _
° > [out :(15_]6)'m(t)
b
Al Al
Is=1+—2E, Jg=1, ——£F
1 2 2
] ]out :AIRF -m(?)
= The LO feedthrough components are
indeed canceled out
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Detailed analysis of the single balanced mixer (SBM)

Detailed Analysis of the SBM - Definitions

M2 |— b

out

=1 =1
Vio@)= A4 -cos (a)LOt)

[RF(t) = ARF . COS(C()RFt)

lo(t)=lo+Ire (1)

= Normalizing the currents to twice the specific current of a single transistor

I,(t
22200y 2 200 e goa o2 g 8 @
spec 2lspec Ispec 2ISp€C
= Normalizing the differential LO voltage to 2nUy
u(t) = Vo) =v70-cos(@pot) With vy = AL0
2nUy 2nUr

T. Melly et al., JSSC, Jan. 2001.
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Detailed analysis of the single balanced mixer (SBM)

Definitions

= The normalized differential output current can then be written in general form
Lout =i-f(u,i)

where the nonlinear function f (u, i) in Wl is independent of i and simply given by

f(u,i) =tanh(u)
whereas in Sl, the nonlinear function f (u, i) depends on both u and i and is
given by

2
1——. for u? < 2i

]F(uai)_< \/_

sgn(u) for u? > 2i

T. Melly et al., JSSC, Jan. 2001.
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Detailed analysis of the single balanced mixer (SBM)

Output Signal

= The mixer output current is simply the product of the RF signal times a periodic
modulation signal m(t) of period T}

i (1) =1(2) f(u(t),i(t)) =i(t)-m(t) = (IC +ipp (1)) -m(t) = IC-m(t) +ipp () - m(t)
m\(ft)
= The shape of the modulation signal m(t) depends on the LO amplitude 4,
(v10), the bias current I, (IC) and the DP nonlinearity f (u, i)

= The spectrum of i+ (t) is given by (double-sided FT)
Lyt ()2 Flinee @O} = I(*M(F)=1(/)* Y, My-8(f=nfro)= D, My-1(f =nf10)

n=—0 n=—0

with 1(f)=£F{i(t)} and M(f)=F{m()}

= The Fourier coefficient M,, are defined as

Tro
M __1 '[ m(t)-e /"It g with m(e) 2 f (u(),i(2))
Iio

= Note that it is not always possible to have a closed-form expression of M,

E P .- I © C. Enz | 2022 Low-power radio design for the loT Slide 23 ICLAB




Detailed analysis of the single balanced mixer (SBM)

Gains Definition

GRrx
K-ootor = QF

Irr lout
Koo = oF

Vio

= Different conversion gains Gy, can be defined as the current gains from the RF
signal in the band k - w;, + w;r and the IF band at w;

= The main conversion gain of interest for the mixer is the gain for k = 1, Grp 4

= Similarly, different LO gains G, x can be defined from the LO input in the band
k - w; o and the IF band at w;f

= The LO gain of most interest is the gain for k = 0 (DC to w;r up-conversion),
G0 o corresponding to the up-conversion gain of the flicker noise to the IF

band
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Detailed analysis of the single balanced mixer (SBM)

Conversion Gains

= Since the RF current amplitude can be assumed much smaller than the bias
current, the output current can be approximated by a Taylor series as

=i f(u, l)"d vipp =m(t)-ipp ()  with m(t)~d_

IRF

di,

IRF

[f(u i)+i-

df (u, Z)}

i=IC

= The conversion gains for the different harmonics can be computed as the average
dc output current when the input signal is a cosine

iRF(t):aRF'COS(C()RF't) W|th aRF =

1

Tro

Grri =7

T
LO |

Agrp

spec

m(t)-cos(k-wpp-t)-dt

Note: see Appendix for the
demonstration of this formula

= Note that, if the transistors are perfectly matched, the conversion gains for k even

are all null

Grr =0 fork even

= This means that, since Grr o = 0, the flicker noise coming from the stages
preceding the mixer (such as the LNA) is suppressed (actually only limited by the

mismatch)
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Detailed analysis of the single balanced mixer (SBM)

Conversion Gain G,

= The conversion gain at the fundamental G ; cannot be calculated analytically
except for the asymptotic case of small and large LO amplitudes

= For large LO amplitudes, the modulation signal can be considered as a square
wave and the conversion gain is given by

GRF,I E% fOF ’ULO = \/1+2IC

= This is valid for both WI and S| when the differential pair is hard switched

= For small LO amplitude we have

'“LTO for v o<l (WI)
GRF 1 =<
, Lo for v, H<2IC (S
\4\/E LO ( )
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Detailed analysis of the single balanced mixer (SBM)

Conversion Gain G,

1 ]
2/TC :'"""“"'“"“""""""“"T """""""" y-:-
) Wi o
NV A
- \//é/ " Lines: Simulated
a 6‘23 ' Symbols: Measured
17 | ®1C=0.1
355 | ¢ 1C=1
AR e
R , W1C=8
| L’ Ggg 1
o | 41C=32
0.01 e T
0.1 1 10 100
4 Vo 8ic
T T

= The conversion gain Ggr 1 is not easy to calculate between the asymptotes

= |tis plotted below versus the normalized LO amplitude v, for different inversion
coefficients IC

T. Melly et al., JSSC, Jan. 2001.
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Detailed analysis of the single balanced mixer (SBM)

Conversion Gain Gg

13

2/(31N -
0.1 g

/744
5 / / /

0.1 10 100
Vio

C-:'RF,B

0.0001

= The gain for small LO amplitudes is proportional to the k™ power of v,

= The maximum current gain, when the input current is instantaneously switched
from one output terminal to the other, is simply given by

GRF,kzﬁ for v;p>+1+2IC and k=1,3,5,...
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Detailed analysis of the single balanced mixer (SBM)

LO Gain

= The normalized transconductance gain G , between the single ended LO
voltage and the differential output current can be calculated as

Tio
-1 Idf(u’lc)-cos(k-a)LO-t)-dt where G,
0

= The LO gain for k = 0 is of particular interest to evaluate the flicker noise and
offset up-conversion to IF

a_l

Grox =Gmo

TLO
150 g, 1C)
GL0,0 =Gmo 7 _[ dt =Gy, Gy

LO 0 du
ey
= (, can unfortunately not be calculated analytically, but a good approximation is
given by
r 2
T NG
gms(lc)\/l_(_ng(IC)ULoj for (%6 <— B
Go = 4 7 8UO) oo g(icy 2 Gms Ur _V1+4IC -1
for v p>——s
(VLo 7 g(IC)

E P . I © C. Enz | 2022 Low-power radio design for the loT Slide 29 m



Detailed analysis of the single balanced mixer (SBM)

LO Gain G,

Go=g,,(C Effect of internal pole o~ !
WlhA} gms( ) \ p / GO,mln = >
1 A, T @,
. . \/‘. 1+ =.
1 e L rd [2 wLOj
L WA where
- S 2G
E o ch J w, A ms
N > C
o ; /l a 8 *
(D 01 E v qu
1 SI% 0 o
7 Lines: Simulated ':CED
4 Symbols: Measured
{mic=0.1 *iC=1 2 ;
=|C=8 IC=32 U0
0.01 — T T T T T — T
0.1 1 10 100
Vio

= Forlarge LO amplitude, the LO gain G o decreases with 2 /(mr - v;o) uptoa
point limited by the parasitic capacitance C at the common source node
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Detailed analysis of the single balanced mixer (SBM)

Noise Sources and Noise Mixing

o \\\\\

\ (Y =
| gF

(8

= There are several noise sources that should be accounted for

» The noise from the RF input I, (t) which is downconverted to the IF
» The noise from the LO input and particularly the flicker noise V,, ¢, (t) at the DP gates
that is up-converted to the IF

» The channel noise of the DP which is modulated by the periodic drain current m,, (t) -
In,thO (t)

= Each of these sources have to be treated separately deriving the appropriate gains

and PSD at the output and referring them to the input
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Detailed analysis of the single balanced mixer (SBM)

Input Referred DSB Noise PSD

= The noise and particularly the flicker noise coming from the LO input of the DP and
found at the mixer output can advantageously be referred to the mixer input

2
S]- (a)ia)]F) 1 GLOO 1
in,e 5 2 2
Sq =~ ZE.GmO.Gl (IC,v; )
1/ 7 (orF)

Grr,1
= With the asymptotes obtained previously for large and small v, , we get

1 for vy p>1+2IC
VLo

Gl =X 4

SE— fOI’ ’ULO < 1 (WI)

Lo
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Detailed analysis of the single balanced mixer (SBM)

Input Referred DSB Noise

100

4 Lines: Simulated
Symbols: Measured

4 1C=0.1
*I1C=1
*IC=38

0.1 1 10 100

= Assuming the same flicker noise PSD at the gate of the mixer transistors, the
input-referred flicker noise PSD is 4 times (12dB) larger at low LO amplitude and in
Sl than at large LO amplitude

= At small LO amplitudes, the input referred current flicker noise is 6 dB higher in S
compared to WI
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Detailed analysis of the single balanced mixer (SBM)

Thermal Noise

= Since the current in the DP transistor is strongly varying, the thermal noise sources
of the DP transistors are non-stationary

= They are also modulated by the mixer

= The output noise due to the thermal noise sources in Wl is given by

S, .
out,th _ 2 . tanh(ﬂ ;LO ] ~ 2 for ’ULO > 1
7T VLo
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Summary

= At small LO amplitudes, the input referred current flicker noise is 6 dB higher in
strong inversion mode than in weak inversion

= Without taking into account linearity issues, the ideal mode of operation for the
mixing transistors is therefore in weak inversion mode, since the mixing gain is
maximum, the equivalent input flicker noise is minimum and gain saturation is
reached for smaller LO amplitude

= However, the effect of the input pole degrades both gain and flicker-noise rejection
for the small inversion factor, because, if the bias current is kept constant,
transistors of larger active area are needed

= As aresult, in practice and for a sufficiently advanced technology, the ideal mode
of operation is usually situated in the moderate inversion region (i.e., IC = 1)
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Appendix 1

Appendix 1 — Output Spectrum for SBM

= The differential output current is given by
]out(t) = (]b +1RF(t)) ) m(t)

where m(t) is the modulation signal which under hard-switching (i.e. sufficiently
lare LO amplitude) corresponds to a square wave having a Fourier Transform (FT)

given by .
M(f)=Y M, -8(f-n-fio) wWith M, =——
. jrn

nodd

= The FT of I,,;(t) is given by

Lyt ()= (I - 5()+Igp (1))* D, M,-8(f —=n- f10)

n odd

= I- Z M, -o(f—-n-fip) + Z M, Ipp(f =1 f10)

nodd n odd

—

up-converted dc to odd harmonics of fio includes down-converted RF signal (n=+1)
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Appendix 1

Appendix 1 - LO Feedtrough for SBM

= The LO feedthrough comes from the up-conversion of the dc bias current I,

= The one at f; is the strongest and its FT is givenforn = +1
2 2 4 j
Iouz—Lo(f)ZIb'{—.—'5(f+fL0)+.—'5(f—fL0)}=—'—'[5(f+fL0)—5(f—fL0)]
7 jr T 2

which corresponds to a sinewave in the time domain given by

4 :
Tour-r0(W)=—-1p -sin (27 f1ot)
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Appendix 1

Appendix 1 - Output Signal of the SBM

= The FT corresponding to the RF signal downconverted to the IF frequency f;r =
frr — fLo is Obtained by setting n = +1 in the 2" term of the output spectrum

lom<f>=j%-[IRF<f—fw>—1RF<f+fw>]

= Assuming the RF signal is a cosine given by
Ipp () = App -cos(wppt) < IRF(f):A]!%'(a(f’*fRF)"'é(f_fRF))

= Replacing IRF(f) in the above expression leads to

out(f)—iAR;F[é‘(f"FfRF —f10)+(f = frr = f10) =0 + frr + f10) —6(f — frr + [10)]

; RE[(f + i)+ 8(f = fi ~2110)~8( + fir + 2110)=5(f ~ f)]

= The output FT at IF is then given by
Iout(f):j” [6Cf + fip)—6(f - le)]_—— App = [5(f+f1F) 5(f = f1r)]

= which corresponds to a sinewave given by

2 :
1,,:(t)= _;‘ARF -sin (27 fypt)
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Appendix 2

Appendix 2 — Conversion Gain of the SBM

= The mixer output current is simply the product of the RF signal times a periodic
modulation signal m(t) of period T}

i, (1) =i(t) f (u(t),i(t)) =i(t)-m(zt)
m\(rt)
= The shape of the modulation signal m(t) depends on the LO amplitude 4,
(vL0), the bias current I, (IC) and the DP nonlinearity f (u, i)

= The spectrum of i+ (t) is given by (double-sided FT)
Lot ()2 Flinge O} = I(*M(F)=1(/)* Y, My-8(f=nfro)= D, My-1(f =nf10)

n=—0 n=—0

with 1(f) = F{i(t)} and M(f)=F{m(t)}

= The Fourier coefficient M,, are defined as

Tro
M o= '[ m(t)-e /"ot g with m() 2 f (u(?),i(2))
Lo

= Note that it is not always possible to calculate these coefficients M,, analytically
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Appendix 2

Appendix 2 — Conversion Gain of the SBM

= The conversion from the band around k - w; , to the band around w; is obtained
by assuming that the RF signal isa cosine at k - w;p + w;r

and C()RF :k’C()LO +C()]F

iRF(t):aRF'COS(a)RF’t) W|th apr =
spec

IRF(f)ZF{iRF(f)}Z%;F'[5(f+fRF)+5(f—fRF)]
2

= The signal at IF is obtained by first evaluating the are shifted by k - w;, or
equivalently isolating the terms n = +k in the Fourier transform expression of

Lpwe(f)

Lot (e o =M %F S+ frr + k- f10)+(f = frr + k- f10)]
MBS + S =k f10)+6(f = frr =k f10)]
=M B[S + fip + 2K f10)+ 60 = f1r)]
+M+k-%‘F-ﬁ(erle)ﬂLﬂf—sz—2k’fL0)]

E P - I © C. Enz | 2022 Low-power radio design for the loT Slide 40 I ol WY :}



Appendix 2

Appendix 2 — Conversion Gain of the SBM

= |solating the frequency components that fall into the IF band around f;r = frr —
k-fioand—f;r= k- fLo — frrand dropping the others leads to
1 (1) = "5 (M- 8(f = fip) 4 Mg - 8(f + i)

where the Fourier coefficients M, and M_,, are given by

| Tro o
My, =—- I m(t)-e“kz”fwt-dt
LO

= The signal power at IF is then given by

apr 2 2 2 apr 2 2 Cl%gF 2
S SR MR C S EEs ST

since for a real signal we have
M_, =M, andhence |M_,|=|M]|

= The conversion gain is then given by
ARr
hat YN V74
e o M,

PRF 4RF

V2
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Appendix 2

Appendix 2 — Conversion Gain of the SBM

= The magnitude of the Fourier coefficient M;, can be related to the cosine and sine
Fourier coefficients a,, and b,, respectively

My = Jat +5

where a,, and b,, are given by

T o Tro
g =——. j m(t)-cos(2kf, of)-di and b = —=—. j m(t)-sin(2zkf; ot) - dt
Tro o

= Since the nonlinear function f(u,i) is odd, the Fourier coefficients b,, are all null,
hence we have

= The conversion gain can then be written in terms of a,, as

|ak| I T1o
G =Mt =557 = | m()-cos(2rky o)
0
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Appendix 2

Appendix 2 — Conversion Gain of the SBM in WI

= |n WI, the nonlinear function f (u, i) is independent of i and is simply given by
£ (u,i) = tanh(u)

= Forv,y > 1, m(t) can be considered as a square wave (unity amplitude), hence

2
‘M+k‘_g

= The conversion gain (which is actually a current gain) in this case is given by

2
Orp e =7
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Appendix 2

Appendix 2 — Conversion Gain of the SBM in WI

= Forv;p < 1, m(t) remains a cosine with amplitude v, ,, hence
M_y =M, ZULTO
= The signal at f; is then given by

1 (1) =52 2B+ fi)+ 6(f = fir)]
i ()= F " {I;p ()} :vLTO'aRF -cos( @y 1)

= The conversion gain then becomes proportional to the LO amplitude

vro _ Aro

2 4nUy
= Finally, the conversion gain for the DP in Wl is given by

Grr =

(vo _ Aro
2 4nU;

2

forv; o <1
GRF 24
forv, o >1
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Appendix 2

Appendix 2 — Conversion Gain of the SBM in S|

= |n SI, the nonlinear function f (u, i) is given by

2
1——. for u? <2i

f(u,i) = \/_

(sgn(u) for u® > 2i

= The Fourier coefficients cannot be calculated analytically

= On the other hand, the RF current can usually be considered as much smaller than
the bias current, which allows for the following approximation
di di, d
i = dlo “ige =m(t) ige (f) With m()= ot = [ Faiy+i- L Sl‘ ’)l_lc

IRF IRF

= |n Sl we have

u 2
: foru” <2IC
Do _ VAIC —u? ’
dipp
sgn(u) foru? > 2IC
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Appendix 2

Appendix 2 — Conversion Gain of the SBM in S|

For large LO amplitudes, the modulation signal is again a square wave and we get

Gpp = % =0.64 for vy >+2IC

For small LO amplitudes, we have
m(t)zdlo”” =0 __ Vo -cos(wppt) for vy g <~2IC

dipr  2JIC  24IC

v
= and hence M-1=M+1=ﬁ for v, <V2IC

The signal at f;5 is then given by
i (f) = e 580+ i)+ 80 = fi)]

ir () =F {1 p(f)) = ﬁ% -ag -cos(wp 1)

Finally, the conversion gain for the DP in Sl is given by

(10 Ao Ao ¢ NoYe Ve —Vro
= = or vy 5 < ~2IC =42
G 4IC  8nUZIC  4-(Vg=Vro) to 2nUy
RF =1
2 for v; o > \J2IC _2.te e
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