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Mixer fundamentals (i)

Acos(w,t)X Bcos(wzt):AZ—B[cos(w7—wz)t+cos(w7+w2)t]

= The mixer is a multiplier used as a frequency
translation device:
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= up-converter from IF to RF
= down-converter from RF to IF
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= Two Input signals and one output signal

= |mage frequency (undesired)
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Mixer fundamentals (ii)

= Requires non-linear device:
= diode,
= HBT,
» MOSFET . ﬁ
or time varying device (switch)

[(V)=I|exp|———=

nKT

n n V
to generate "mixing" terms at sum
and difference frequencies

= Requires filtering at RF, LO RE

and IF to select desired signal
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How do you make a multiplier?

1 Nonlinear Device

E
anode cathode
\V

smurcefd rain drain/source
gata I
]D
VDS
%

“Any device exhibiting nonlinear
behavior is a multiplier.”

7 Time-varying Device

J_L(t)"\ R, =0

R « 1S infinite
No Capacitance

| '/clc:sed
:ODEH
l V
W = JTL(t)xf(t)
[ CSICS-2005 Primer Course]
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Mixer fundamentals (iii)
= Single-, two-port or three-port implementation

= Present IC mixers use Gilbert-cell multiplication

(Acosw,t)(Bcos oozt):%[cos(oo1 —w,)t+cos(w,+w,)t | v
. OqucuRF”QEZ:Q{f)Euqd W -00,= 0
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Visualizing Mixer Operation — (LO — RF) “IF” Signal

From CSICS-2005
f\ AWAWAWAWA Primer Course
v U U U VU
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to area under V(t)

Essentially we
are low-pass
filtering
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Mixer topology: Gilbert (multiplier) cell
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Mixer specification

RF, LO, IF frequencies
Conversion (power) gain

Linearity

Noise Figure (receive mixers only)

|solation



Conversion gain

= Conversion (power) gain (depends on LO power and
mixing quad device type):

= RF to IF in down-converters
* |F to RF in up-converters
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Gilbert-cell mixer conversion gain

s Qutput (IF) voltage in BJT mixer

Vio

2V

VRF

2V

Ve=—2R I, ..tanh tanh

T T

= \oltage conversion gain for large square wave LO signal is
(valid for HBT & MOSFET):

tanh(VLocos(wLot)):%cos(wLot)+34—7Tcos(3 wLot)+54—7Tcos(5 W, t)+..
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Linearity

» Linearity: — depends on transconductor (input amplifier)
linearity and V__/V__ of mixing quad transistors.

» The 1 dB compression point: P___

= Third-order intercept point: [IP3, OIP3
= Second-order intercept point: [IP2, OIP2
= Linearity in a cascade of stages:

{ 1 G GXG  GXGX.G .
=t —— .4
IP31IP3, " 1IP3, I3, IP3,
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Gilbert cell with degeneration

= |Improves linearity

* |nductive degeneration does not degrade noise figure
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Noise Figure

. e G
= Double-sideband noise figure RF\
NFDSB= NF. . -3dB (if no image rejection)
F =1+ <Vi0ut> /',l t
77 KT(G+G,) M-,

= Single-sideband noise figure (temperature)

NF_ .. = NF__ (ifimage reje;ction )

2
<Vnout>

Foeo=1+
=3B kTG,

14



Noise Figure (cont)

= Mixer shot noise sources
= @ DC

= @ harmonics of LO (currents at LO harmonics
comparable to DC currents).

A

§ loc lo bio| |Tiok

= i=2q| 1 1. 1 |x] f

o R n Lo 'bc o IF

O i Lo lo Ioe fLO+IF

_I - - b -
- ,

15



Noise Figure (cont.)

= Frequency translation of noise sources

= |Large signals at harmonics of LO,

» Small signals on either side of LO harmonics,

» Hence noise from nf _ +/-f_translates to IF and to
the output

bl

OIF f|_o 2f|_o 3f|_o Freq




Isolation

= Want it as high as possible

* |mplemented through choice of topology and/or
filtering:

= | OtolF
= | OtoRF
* |Fto LO

= |n Gilbert-cell mixer isolation is built-in

. (IQ1_IQ'1)

— x sech’
9mio-iF SV

U ~0
o

T
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Transmit (up-converter) mixer topology

= Doubly balanced

= MOS, BJT and BICMOS

» |F linear input amplifier + mixing quad
» |F signal applied to bottom pair

= O signal applied to mixing quad

= RF BPF (tuned) output at top

» |mage rejection must be placed after mixing quad or
built into the topology
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Receive (down-converter) mixer topology

= Doubly balanced

= Good for MOS, BJT and BICMOS

= RF (low-noise) linear input amplifier + mixing quad
= RF signal applied to bottom pair

= O signal applied to mixing quad

* |F LPF output

= LO and or RF trap at IF output
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Receive (down-converter) mixer topology

» |mage rejection must be placed before mixing quad or
built into the topology.
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?

Improved-mixer topologies

Gilbert cell with transformer coupling of RF and IF signals:
lower supply voltage but higher noise and conversion loss

Folded cascode Gilbert cell (lower supply voltage)

BICMQOS Gilbert cell with MOS input and HBT quad (better
linearity, lower LO swing)

—|i:L |——|i:TL jl :
g i
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mm-Wave image reject mixer topologies

O~ 20

= Use 90° and 180° hybrid couplers. 1 0 é (7)
= 90° coupler: Lange or branchline [S]zﬁ 4 0 0
= 180° coupler: ratrace (Marchand) balun 0 1

= |n-phase Wilkinson power splitter

5o 2B
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Pictorial Operation of Quadrature (Image-—Rejection) Mixer

From CSICS-2005
Primer Course

SN - 1
RFO \ @7 fllltFer / ?B;)

+—OLO

IF

a0°
/ filter X

Vv
O

N

-fo f: 5 ‘ -:’:/fi Y 4 42\; M

Rules:

but give 90° phase shift through cross arm (i.e., 90° arm).

1. Mixers translate frequency but preserve phase. _ ;Z ;2
2. Quadrature couplers do not shift phase on pass arm (i.e., 0° arm),
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90° and 180°"ybrid couplers (broadband)

15 f—
> i

(a)

(&)

s, 35.4 0 JP——

Figure 7.31 Branchline hybrid for 50-{2 system.

A

3
4

180° Ratrace Couple'r" Lange Coupler

24



90° phase shifter (lumped)
\Y%
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T°3 : =VipX
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Viga 3 00+, - — 2 2
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—
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Figure 21.11.3: Phase shifter. Q




Low noise mixer design methodology
(as for LNA) (S. Voinigescu & M.Maliepaard, ISSCC-1997)

= Bias @ minimum NF current density (if power gain is still

adequate atf_ .

C

= Size transistor for optimal noise resistance - active matching
= "Source" impedance is the LNA output impedance

= Add inductive emitter degeneration L_ to meet linearity target

(more important than noise and conversion gain). MOSFET

Input is more linear.
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Low noise mixer design methodology (ll)

» |If mixer is designed for noise matching to impedance Z

then linearity is given by:

Z Z
©ImZ0. \here Le=—"

21t 21t

P, oc

= O swing must be large enough to fully switch the
mixing quad, yet not too large to cause transistor
saturation. MOSFET quad is inferior to HBT quad due

to larger LO swing requirement.

0]
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5-GHz single-chip SiGe radio

(S.Voinigescu et al. IEEE MTT-S 1999)

= '—| MIXER

N ol e e e e —— —

N

MIXIN+

DRIVER
k'

RF-
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5-GHz single-chip SiGe radio
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5-GHz SiGe Radio: Rx and TX linearity

QOutput Power Per Side(dBm)

10 | 10
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_ # RECEIVER
: A TRANSMITTER
-10 | -10
-15 | -15
-20 —— ~20
-30 —25 -20 -15 -10

Input Power (dBm)

30



mm-Wave Gilbert cell mixer examples

71-95 GHz

D
2kQ
140Q 140Q 500 > < 500
4kQ
50pH

60nX24X1u —o IF 0—
|——||::__':||-
|': 60nX48X1u ]

140pH 140pH

e
3

50pH
L 11

45pH 3ka

RF, dllh L, 60nx24x1u ’—I
é 45pH
,%’r ssnx2xtu <jF 1 1L, ssnx120x1u
= + T 4
f4k0 30pH 30pH
BIAS
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140-GHz Down-Conversion Mixer

« Consumes 12 mA from 1.2V (14.4 mW)

[S. Nicolson RFIC-08]

= VDD
:I: 80Q 800
Loin 38fF
% 0.8xVDD 24pH — M1EZh|—"1VI3M4|—l
= 38fF VoD =
I 6910 leA | )
= ‘QEE}__ 76pH 86fFRFm

M5, M6: 25%0.8umx60nm = 86f
M1-M4: 18x0.55umx60nm = I

M7 M8 M5 21pH Me
L N |:] {




100-GHz 1Q Down-Conversion Mixer

1.2v 1.2V
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0.2v
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|EEE Trans. MTT,
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Switches

PIN and Schottky diodes, FETs
Ideally:

« R =0,R =0, C=0

= High isolation when off /o i 2 |
. . TV
= |ow Insertion loss when on CNTR
Topologies: k
= Shunt, series, series-shunt T \V/ v HH‘

Used as antenna switches
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Switches

R
IL==20-log, ”z—éw) [=10-log,,[ 1+(4mf Cg,, Z,) ]
0
/s > 3
T\/CNTR
Tk y ek
IL:10-Iog10[1+(nfCSWZO)2] |=—20-log R
Y\ 2R+ Z,




CMOS mm-wave switch examples

250pH

v 9 Vew i

R / T -2
(o] (o 0 o —0 SVT LP NMOS: 16x4umx60nm
l\\\ —_ 4Q
I VCNR j I_0 V(m cnt

v
a
/ o ﬁ’(,)utl
Outl k v,
a 1
In Vv —
Out2 Q@ - Out2
o._ 1 0—_/ In 0
1 n 1 _
(o 1 Q
\% : =
N OutN
/o D




Binary-Weighted Geometry

Idea: Shared source and drain, segmented gates
- varactor, PA (R.B. Staszewski, 2006)

« transistor: digitally-controlled attenuator

- Gilbert-cell biased at constant J

— digitally-controlled gain cells
— digitally-controlled phase shifters G _I ' 3
— mm-Wave |IQ DACs * opt

O<VG <1 bO _I N bl *ﬁ)n _I O/JOpt

b,b,..b ="0"or“l"
0O 1 n




Binary-Weighted Atten./Switch

80pH
1)

orI:> E>or2
o Nf6[! N=12 Nfzé E]me Nf12Eij6 o [A. Tomkins et al. CSICS-08]

L h J
R=6ko= RZ R= |l\J/|r(])itSFET: =R =R =R

L1 L] L Tumx60nm
I T

Core = 1fF/pum, 42pm

;cnoto _cnt1 -cnt2 chZ cnot1 cnt0
O— - 7000 r 0
L
%Flfsfxlpm---'giflleum%t‘ljxlum 1><1pm::'% 2x1%%----3zx1%%
b; b1= bof i b0 i bl ) b5
R _ Runit
SHUNT —
bot+b,2+b,2%+...+b, 2"
Z _
IL=20-log|1+—=——|=20log 1+R25 (b0+b12+b222+..+bn_12n 1]
SW unit
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S-Parameters (dB)

Measurement Results

1
oo

Frequency (GHz)

100

Attenuation (dB)

- —7—1GHz

4-12
4-16
-20

i —h— 24 GHz 24

L —0—60GHz

- —— 94 GHz -28
[ " '] 2 '] 2 ' M '] M 'l a _32
1 2 3 4 5 6 7

Digital Setting

IL<2 dB, ISOL>20dB up to 94 GHz

P

1d

B>+1 0dBm
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Improving the CMOS switch

OuT
0

Deep

R

N-WELL

I_I—’p-wellj,>| N-WELL , 4 p-SUB
i 50

OUT
0

Deep

B

I— -well
Vo—wv—h,p %Di

N-WELL

N-WELLy 4
3

R

B

I— -well
v O_M/‘-Il_’p %ﬂ'>|

e

N-WELL

GND

Use deep N-well to reduce
capacitance

Use large resistor is series
with gate, substrate and n-
well to reduce loss and
improve linearity

Stack transistors for
improved linearity
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Phase shifters

$=b,22.5"+b,45°+b,90°+b,180° | o e
[S]PS_ —j
—0- ~0—0- ~0—0- ~0—O0- -0— _ e 0
V. ]180° 90° 45° 22.5° V_=V. e
—0- ~0—O0- ~0—O0- ~0—O0- -0—
b=(0,1) b=(0,1) b=(0,1) b=(0,1)

Each cell can be
Implemented as:

s Switched line

» Hybrid-coupled

» | oaded line

= High-pass low-pass

Can have analog or digital
control

 ————"
l0
Portl
Ag=P1
B:Z_Tr I 1
A -jB jB 4B iB
1 +1 -I- -|-

\—> Portl B =BZ
Port2 N 0

- B
T Ap=2tn" ;

- |
L
g= 2_1'r Port1 |——o o—-| Port2
A X X
— N
0

—o/—|
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Cartesian and VGA-based phase shifters

ety —— A
IN 0°
VCA
90"

OUT=I+jQ=|oUTle’?




Modulators

At
IN 090 "N /0 l'mod | 1 OUT
- IN
00° mod b0 1b0
— 90°
0-180°

L=

0 }
>< 01 0-180° bl
ouT 0 mod
U bl 0-180°l+— b1

mod

OUT
IN : : OUT E» —

mod mod 0-180°|«— b0
mod

a) b)
Require: phase shifters, hybrid couplers or isolators or a Gilbert

cell




Transformer-Coupled Gilbert Cell

BPSK Modulator Mixer

[A. Tomkins CICC-08] Xfmr coupling favoured over
capacitor coupling



QPSK, m-ary QAM modulators
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Binary-weighted DAC/VGA

b . Binary-weighted or
segmented BPSK mods.
in parallel

L ] 1 OUT . Q_ binary-weighted gate
bl‘“?Trﬂ 034 Hr%lﬁnq'iwﬁ “Zf Nf =1 fingers

i Nf =2 .
o Nf::4 . QL2 biased at 0.3 mA/pm

NE Q,, switch from 0 to

W=w,2"-1)
T_l Q1 Q2 |—1 0.3mA/um
LO LO . Load current, impedance
. remain constant

n—1
Vour=8 "W ,Z;, VLOZ <_1)bi2l:f<VL0)ng
i=0



mm-Wave |Q DAC/Phase Rotator

[Eloranta et al, JSSC-07]

[S. Voinigescu IMS-08 Workshop]

90 degree
_ltl l IT phase shifter _ltl l IT
il

IN

Vourr=8 wW;Z, Vi cos(wt) D (—1) 2—I—]Sln(a)t) (— 1)bi2i



Summary
Mixer performs the fundamental frequency translation
function

Switches are critical building blocks for mixers, antenna

switches, phase shifters and modulators
Gilbert cell is the most common mixer topology today

Gilbert cell employed to realize VGA, modulators and

phase shifters

Binary-weighted layout allows fine digital control/correction
of all mm-wave blocks .
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