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Mixers

IF/Baseband

| : RF @ :ort

Port LO
X1{f}°—-*®—>}’{ﬂ { Port

1 Duplexer LO |—¢
X,(t) PA  RE LO
Port
Port
-0
y(t) = k(Ajcoswit)(Azcoswyt) IF/Baseband
kALA kA Ao Upconversion Port

= 5 cos(wy + wy )l +

cos(w) — wy)t. Mixer
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« Perform frequency translation by multiplying two waveforms (and
possibly their harmonics).

* Nonlinear LO port.

* Linear RF port to minimize compression and/or intermodulation.

* Implementation — Active/passive, single-balanced/double-balanced

« Voltage Conversion Gain = [kA,A,/2]/IA, = kA,I2
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Basic Heterodxne Receivers

Mixer
Input CT
Win
An cosof
Local
Oscillator

[

= Wijn 0 *+ Win

1? I ? -[ﬂm-{I}LD -ﬂ}m"'ﬂ}l_(} ﬂ +ﬂ}|n-(ﬂ|_o +(ﬂ|n+{ﬂ|_ﬂ
=W 0 *TOLo m

Nonzero IF (Intermediate Frequency) 2 w o # w;,

Due to its high noise, the downconversion mixer is preceded by an LNA
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Basic Heterodyne RX: Image Aliasing

Desired Image
Signal N -~
i \/
1 _-"'
/\'/\ - ."‘ F|Iter
Win ®im 0 f WIF
WF i W)F cosm gt
o
Mo ()

Acos(wpp—win)t = Acoswipt = Acos(wiy—wip)t

Wi = Win + 2wip = 200 — Wip

* Two spectra located symmetrically around w,, downconverted to IF
* Image cannot be removed through filtering at the IF output
* Image rejection ratio: dB(P,: desired/P,: image)
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Image Rejection

Image Reject

Filter
LNA J— /
Image
*l >—=| Reject +®—> /\/\
Filter f g ) l ................ _
Win Wim ®
cos®) ot - 201 -

Image-reject filter for high image rejection
« Typically between LNA & mixer
* LNA gain lowers the filter’s contribution to the RX NF

* Linearity and selectivity requirements have dictated
passive, off-chip implementations
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Image Rejection vs. Channel Selection

LNA
Image Channel
Reject ®—D- Select
Filter ? Filter
Desired cosm ol
Channel Image Reject Image Channel Select
Filter

e T I

b EEEEL - E: >
® 0 WF 0

ik o
20 F

A high IF allows substantial image-rejection but poor channel selection for given Qs .

-
A low IF helps with the channel selection and suppression of in-band interferers.
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Direct-Conversion Receivers

—-— LPF I
\/ LNA ?
m > cos®ppt
Din sinof
~R a

Absence of an image greatly simplifies the design process
Channel selection is performed by on-chip LPF
Mixing spurs are considerably reduced in number

Quadrature phases to prevent self-corruption of signal
(asymmetrically-modulated) upon downconversion
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Specifications: Noise, Linearity, Gain

LNA Gain and Mixer Noise/Linearity tradeoff
* Input noise of mixer divided by the LNA gain when referred to the RX input
* But IP; of the mixer also scaled down by the LNA gain

FMixer -1 Fsubstg -1

F ~ FLNA ~+
APLNA APLNAAPM ixer

1 - 1 n GLNA + GLNAGMixer
IIP3  1IP3;y, 1IP3yer TIP3y,

Mixer Gain and RX Noise/Linearity tradeoff
* High mixer gain important in suppressing noise from subsequent stages
* Linearity of mixer critical for RX linearity
* Both high gain and high linearity difficult to attain in Mixer
— ~<10dB gain while retaining linearity at low Vdd
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NF of DCR

| Mixer

—-—®—> LPF |1

wa | Lo
e

—P®—> LPF —Q

Q Mixer
F - SNRm o SNRM‘
~ SNR; SNRg

« SNR in the final combined output would serve as a more accurate measure of
the noise performance, but it depends on the modulation scheme.

* Double Sideband (DSB) or Single Sideband (SSB)?
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Mixer Noise Figures: DSB NF

Mixer in a DCR implementation

Signal
Noiseless, Spectrum at X Band
Unity gain Thermal
R / Noise
y N OIS ®
N % Spectrum at Y
= W10
S/N,
0 Q)]

- Signal & noise in the signal band translated to the BB > SNR,, = SNR;,
* NF of the noiseless mixer = 0dB
* For a noisy mixer, NF calculated this way gives the DSB NF = DSB-NF ;s
UBC

)
€

19



Mixer Noise Figures: SSB NF

Same mixer in Heterodyne implementation, exhibiting a flat frequency response @

RF Port from the image band to the signal band.

Signal

Band
Noiseless, Spectrum at X Image
Unity gain Thermal I?am;j
/ Noise P

Rs x C
Y
+
Vin f
= ®W o Spectrum at Y

. SNRop = SNRip/2
 NF of a noiseless mixer is 3dB!

S/2N,

* For a noisy mixer, NF calculated this way gives the “single-sideband” (SSB) NF

* SSB-NFixer = 3dB + DSB-NF ixer
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Active Downconversion Mixers

: . v
- Conversion and gain in one stage. Converter F— Vie
— Convert RF voltage 2 RF current,
— “commutate” (steer) the RF current by the LO, and e
— convert IF current - IF voltage. Current v
Switch [ Lo
+ Irr
----------------------------------- Vil
v VDD Converter

Rzé 1

Converter R,

X
Curl;:)n:_l 2 Lo M, and M; “switching pair”
Switch | - Switching pair needs large LO swings for

y 0___| Vi complete steering from one side to another,
RF M : Converter  but not too large (or rail-to-rail).
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Single Balanced Mixer - 1

ioutl daiff = sgn(cos(wot))[Ipc + Igpcos(wgpt)]

4 1 1
sgn(cos(wypt)) = = (COS(wLot) + 3 cos(3wpt) + = cos(5w;,t) + )

, b
—1 | Vo

o
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Single Balanced Mixer - 11

_ 4 1
Lour diff = — (cos(wwt) + 3 cos(3w;pt) + > Ipc+

4 1
— (cos(wwt)cos(wRFt) + 3 cos(Bwgt)cos(wgpt) + ) Ipp

* Poor LO-IF isolation
« Conversion Gain (Transconductance):
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RF transconductors — CS

w
_ hCOX- (VGS — VTH)?

I, =
2 __ Ko _
1+(2vsatL+0) (Vs — VTH)

AIIP3 - ”0 - 4'(VGSO - VTH)Z

\ 2vsatlL
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Linearity

 The input transistor imposes a direct trade-off:

IIP3 « Vgg— VTH . 2 1 Vg —VTH
B Lo — o
GS ¢ max VGS —VTH n,in I ID

« Linearity also degrades if the switching transistors enter the triode region 2>
LO swings cannot be arbitrarily large.

— If M, and M; operate in saturation, Igf splits in the ratio of g,,,/9,,3, and
independent of Vy and Vy

— If M, is in triode while M; is still ON and in saturation, Ip, is a function of Vy,
leading to signal-dependent current division between M, and M,.
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Equilibrium Overdrive of a Diffamp

Overdrive volt. seen by M, and M; when both of them carry a current of 1,/2
 For square law devices,

Voo
I, B(VGS,— VTH,)Z, o o
2 2 X VieetY
; Vemoe—[L M, M, Jl—VYemio
(VGS, — VTH,) 0= j% N

Vrro—[, M,

 The diffamp steers most of its tail current if

V, +V
Ve = V2 (Vgs2 —VTH Z)eq A 0
0 2 VCM’LO """""" M, H VemLo -y------ does

VemLo - Vo

VRF°—| M,

UBC
THE UNIVERSITY OF BRITISH COLUMBIA © SUDIP SHEKHAR

€



Conversion Gain vs. Volt. Headroom

9 Voo
A, = ;gmlR-D Rp Rp
X Viro—Y
* G, is limited by current budget and IP3 J—
21D, Vo M, M3l Vo
N

Im1 =y " VTH

* Rpis limited by max allowable DC voltage across it. Vrro [, M4
R _ VR max -
D max IDl/Z
1
VR max — VDD - VGSl - VTHl +{1+ E (VGSZ _ VTHZ)eq
| 2
A Vimar — ;{j ml RD INar
o § ‘}?, max
T Vast — Vrm
 Low Vpp severely limits the conversion gain of active mixers.
UBC
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Rd,max [9 vx,min or vy,min]

Voo
Rp Rpb -
X¢—o Vigo—Y Vem,Lo + Vo
VemLo -d--mmmmmiee- i
Vemos—ILm, M5 Jl—VYemio oMES M, sy Vemro \ -----
N ;

Vem,Lo - Vo-

Vrre—[, M, Vero—o M,
T v = ‘/Z(Vasz_s —VTHy)

If M, is at the edge of saturation, then V2 Vg — Vips
Veamrno — Vasas 2 Vast — Vim

For M, to turn off and M, to remain in saturation up to this point, Vp, 2 Vg, — V2

VxXnin = Veamro + —(Vases — Vrme) — Vrne

2
7 s \/§ s T )
— “"CSI — “"‘THI + |1+ 7 (‘”‘(;52’3 — “"THZ)
VR,max = VDD - VX,min
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Ideal LO Waveform

* ldeal LO - Square wave to ensure abrupt switching & max. conversion gain
@ high RF, LO - inevitably sinusoids

« Downconversion of interferers located at the LO harmonics is a serious issue
in broadband RX.

Vio

Vio

~Y

> - > -
AT AT
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Gain with gradual LO transitions

Voo
RD Rp Vp LO
Vio 7 Ire IRF Vio E
.: - ! 2 2 \ ': ." \/2 (VGSZ 3 VTHz)
e e e S R
: lt“ :: Mz M3 “ll :‘ “
Irr
Ve[, M4 | 2 QAT
— 4‘41"7 — _g'mlRD (1 — _>
= /s TLO
2 ""Ti’f' - “ | eq
— _g'm.IBD 1 — ( G5 . TH)JJ
7T 57‘(“"@;@0

« When M, and M; are near equilibrium, the RF current produced by M, is split
approximately equally between them, thus appearing as a CM current and
yielding little conversion gain for that period of time (AT).

 Lower LO swing = higher AT and lower gain
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Gain with Parasitic Cap

Voo
R R
E))( v v P With abrupt LO edges, M, is on and M; is off >
IF ~f ~ ~ ~ - -
_ Cp=Cpp1+ Cas2 + Cass + Cspz + Csps.
Vioe[o M, M, Vo
P

* The RF current produced by M, is split between Cp and 1/g,,,»

4 . 2 | 1 ( ‘G’ S ‘TH ) eq Gm?2
AV iomar — ;{/ m1 RD — 51/ 7 o 5
/ / ",r _‘ “ .
PLO \/(Pu') T G2
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Noise in Active Mixers: Analxsis

 The noise components of interest lie in the RF range before downconversion
and in the IF range after downconversion.

Flicker
Thermal (active
load)

Thermal Flicker

RF

! Noise Thermal

« Total noise power @ IF o/p
= ¥ Power[magnitude of each noise source x its conversion gain to the IF o/p]

« Total noise power @ RF i/p
= Total noise power @ IF o/p + [overall mixer conversion gain]?
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Flicker Noise Referred to I/P

IssRp
Vp 1o

Vn’ out(f) = ( + ZfLOCP> Vnz(f)

Considering flicker noise of M; also, ignoring C, and dividing by conversion gain,

T’lrz,'a*n ( f ) — 22 I’JnZ(l f )

ng. 1 ‘“'}),LO

= V2Ulas — Vin)s Via(f)

4V, ro

« V,o(f) is typically very large because M, and M; are relatively small

* For active load, possibly much higher flicker noise
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Single Balanced Mixer Design

fre = fLo = 6GHz, 65nm CMOS with l,;,c = 2mA from Vpp = 1.2V. Assume a single-
ended sinusoidal Vg ¢ ,x = 400mV.

Assign an overdrive volt. of 300mV to M,, and 150mV to M, and M, (in equilibrium).

1
VeRmax = Vpp — [VG51 —VTH,; + (1 + E) (VGSZ — VTHz)eq RD

= 600mV for each R).
With total l,,;,s = 2mA, conservatively Rp = 500 Q.

2AT _ (Vsz — VTHz)e‘I is small. (Good!)
TLO anp, LO v O_I M
RF 1

« Large V| o =2 no degradation of conversion gain.
 However, very large V| can push switching transistor in triode.

UBC
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Mixer Design — II

Transistor simulation curves for overdrive and Ip > W; =15um, W, ; =20um, g,,,

=12.75mS.
C,= C, = 2pF to suppress LO component at o/p (prevent compression at the o/p).
2
14'1) = —9ml R-D
v
= 4.1(=12.3dB)
—— Y 2
T
" gm1 9.1 Rp

= 4.21 x 10718 V?/Hz,

Single-sideband NF with respect to Rs = 50Q:

Ve
NF _ 1 1,171
SSB + 1T R
= 0.1 (:: 7.84 dB)
The double-sideband NF is 3 dB less.
SES
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Mixer Design - III

« Simulated A, = 10.3dB, (~ 2dB less
than estimated). 10.2

* 1dB compression at V;, , = 170mV

(-5.28dBm). = 100
* Mixer compresses at i/p or o/p first?% 9.80
Reducing Rp by 5 and scaling the 3
output voltage-swings < 9-60
proportionally, simulation shows — 44,
that gain drops by 0.5dB only now :
at Vi, , = 170mV - the output port 920 , 4 ¢ o 4o q -
(switches) reach compression first. 20 40 60 80 100120 140 160 180 v, (mv,)

* lIP; =711mV,, (7dBm).
* 1IP;=12.3dB + P4z — perhaps due to higher order non-linearities.

UBC
THE UNIVERSITY OF BRITISH COLUMBIA © SUDIP SHEKHAR

44

€



Mixer Design - 1V
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Baseband Frequency (Hz)

* Flicker noise heavily corrupts the baseband up to several MHz.
* NF @100MHz (thermal) = 5.5dB, ~ 0.7dB higher than predicted.
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Double-Balanced Mixer (Gilbert)

Vx1= =Vy1 ==Vx; =Vy,
- Short X1-Y2 and X2-Y1

lyins Of DBM = 2x I, of SBM
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LO-IF Feedthrough: DBM vs. SBM

Inc+ IRFcoswpgpt Ipc+ IRFcoswgpt Ipc — IRFcoswpgfpt

- SBM has LO (and its harmonics) feedthrough to IF because I, 4i# has Ipc
component mixing with LO (and its harmonics).

- DBM has no LO-IF feedthrough (ideally) because I, 4i# has no I component
mixing with LO (and its harmonics).
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Conversion Gain: SBM vs. DBM

Voltage conversion gain of SBM = (Vy, - Vy,)/Vre" .
But, shorting Y, to X;, and X, to Y,, these node voltages remain unchanged.
Differential voltage conversion gain of DBM is given by

Vy—Vy  Vxi—Vyy
r+ T T +
Ver = Vrr 2Vir
= 2 of SBM counterpart.

Cause: limited voltage headroom disallows a load resistance of Ry

Lo M, M,

Vrre—[L M,
UBC
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Noise: SBM vs. DBM

Assuming l;,;,c of DBM = 2x |, of SBM

2
I'nsing I:{>
VoL M, M; Vo Loe]{[, m,
+ -
Vero—{[, M, Vrro—{[, M, M, Vre
2 _ 2
I'n.,f:l oub T 2[;"1,3-277'1. g
UBC
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Noise: SBM vs. DBM

O/P noise voltages, with load resistors differing by 2X

n,out,stng n.,s1ng \
2
V2 — ]2 fip
"n,out,doub T n,doub 2

As voltage conversion gain of DBM = 2 of SBM, input-referred noise voltages are

V2. = 1V2

nan,stng 2 “nan,doudb’
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