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Comparing active Gilbert mixers integrated in
standard SiGe process (Part |)

Up until now, mixers from different fabrication processes have been compared.
But with the fabrication process affecting performance, different mixers resulting
from the standard SiGe process should be compared.

By N. Rodriguez, E. Hernandez, G. Bistué, I. Gutiérrez, J. Presa and R. Berenguer

everal design options exist for activ

is presented as a reference for the other desi
The second option is to modify Gilbert cell
to improve linearity. However, this implies
gain reduction.

Two methods increase linearity includin
emitter degeneration or changing the RF ing

ment that can be obtained in the conversion

Gilbert mixers that are integrated i + ; gain, noise figure and linearity of Gilbert
the standard 0.§um SiGe process. The { Iy cells. The first stage is to explain the
first design option is to optimize the nois ¥ gy N design guidelines of Gilbert cells that are
figure obtaining the lowest noise for i used to optimize mixers. To guarantee that
specific fabrication process: a mixer wit ; L p B the design guidelines only depend on
9.7 dB NF,13.5 dB gain and -5 dBm ilP3 T oo TN e mixer structure and not on the fabrication

process, all the mixers here have been
designed with the same process, a standard
0.8um SiGe.

Design guidelines
Here, the main design guidelines of
Gilbert cells are detailed.Gilbert mixers are

stage. With the first m.ethc.)d’ the ilP3 Yalugigure 1. Gilbert cell. (V ro: local oscillator
becomes 12.4 _dB' which is 17.4 dB h'ghg)’oltage input signal; V rr: RF voltage input
than the previous one, but voltage gaifignal; R : collector resistance; V «: voltage
is 10.7 dB lower. The second uses class ABpply; V «: intermediate frequency voltage
as the bi-symmetrical RF input stage. Th@!tPutsignal; | .: bias current). In the following subsections, the mixer
iIP3 is 7.2 dB, and the rise is only 12.2 dB. performance is expressed as a function of
But voltage gain is only reduced by 3.8 dB. The comparison betwesame individual components (collector resistanedmansistor size,
mixer measurements gives us the improvement range that namber of base contacts, bias current of the mixerMixer
be obtained by the sole design approach and by avoiding technoldgisign guidelines are extracted from the behavioral mathematica
cal influence. model equations and from the authors’ previous experience in
In a digital receiver, the components from the output of thmixer design.
antenna to the input of the analog to digital converter (ADC), is Conversion gain in Gilbert mixersFhe conversion gain value
considered the RF front end. In this chain of RF componenispbtained by multiplying two voltage signals: the well-known output
the mixer is one of the key elements because it provides the necessaltgge Vod) of the input differential paif! (Eq. 1):
frequency downconversion that makes the receiver capable of B .
processing the incoming signal. v o IR tanh| Y2 =V =27 R tann| =2
The mixer performance has a great influence on the characteristits ¢ ¢ 2V, o 20, |
of the overall front end. Since it follows the low-noise amplifier . . .
(LNA), the issue of linearity becomes significant because jfere IC is the collector curren¥re is the input voltage, andr
must handle amplified signals. While it may seem that the is§§;‘the thermal voltage. In Equation 1, when RF is a small signal,

the most widely used active mixers. This mixer
is formed by two stages: the amplification
stage and the mixing core (Figure 1).

of noise is relaxed by the LNA gain, in practice, mixers exhibit B¢ hyp.erbolic tangent of can be approximated by therefore,

high noise figure that should also be taken into account. The g '
of the mixer is also important to compensate for the intermediate [—V )
RF

frequency (IF) filter loss and to reduce the noise contribution fro#, =2/.R.
the IF stages. So in the design of a mixer, it is always necessary

to achieve a trade-off among the three main parameters: gain, noisn the other hand, when having a square local oscillator (LO)

figure and linearity. . 3 . signal, it can be approximated by the first term of a Taylor series
When designing a Gilbert cell to fulfill some specific requirementggq. 3):

the first step is to compare the performance of different mixers
reported in the bibliograph¥?3 However their fabrication pro- j» _ 2

T

cesses, even though they were named with the same common notih, 7'

include differences such as substrate characteristics or base dopinghe voltage gain can be obtained by multiplying Equations
density of the heterobipolar transistor (HBT). These are decisiyeand 3. When LO switches are driving current, the collector
factors in mixer performance. For this reason, differences betwggBistor for the amplification stage Re andre of transistors in

mixers designed by different authors are a combination of Cha”%?r?plification stage. Normallye << Rc,.But re is not included
in mixer structure and in technology process. in equation (Eq. 4):

The objective of this paper is to provide an idea of the improve-

50

www.rfdesign.com January 2005



- i 3 - — E = T- - _— - .'.*
TV 3 Li
A a1 S ¥ inb w) Lwind fo J"" L
Cp T T 1 || L | Tra e o
E S S —h kS R - b
- } — Figure 3: Noise model of transistor

Figure 2. Hybrid- « noise model.

y ) The termVrs is the noise generated in the source, énds the
#zGV =—R g xr —> noise of the mixer converted to a voltage source at the input. The

RE 4 different noise sources included\ian are (Eg. 8):

whereGy is the voltage conversion gaiRe the collector resistance » _ V2V 4y

. . - ige M nb ne?
andgmrr is the transconductance of the transistors in the amp“f'({ﬁﬁerevm is the thermal noise of parasitic resistandés,is the

tion stage. As can be seen from Equation 4, to increase gain:  pase-emitter shot noise awigt is the collector-emitter shot noise.

. ) o Thermal noise of parasitic base and emitter resistances are show
1. The trasconductance of transistors in amplification stpge inéEq' 9):

should be as high as possible. This parameter is directly influencg
by bias currente. v, = 4kT (1, +7,).
The thermal noise of collector resistor is disregarded because th
2. Collector resistancBc should be as big as possible. The limihoise ofr. is typically 105 times lower than collector emitter shot
of this resistor value depends on the output frequency becausaase [9].
the gain-bandwidth trade-off. Base-emitter shot noise is converted to voltage noise source
in series with the source resistor applying Thevenin conversion
Noise figure in Gilbert mixersFhe main contributor to noise (Eq. 10):
figure in Gilbert mixers is the amplification stage because afterward 5
the signal has already been amplified. Also, applying Friis. _2KTg, (t1,+Z,)
equation™, the noise added to signal after amplification has les®’ B
importance. To obtain an idea about the amount of noise added . .
in this stage, each transistor in the differential pair is substitut\é(etiiTereZn is the base impedance. . o
for its quasi-linear noise modilthat can be used at frequencier? he vgltage source associated to the collector-emitter shot noise i
below 6 GHz. Eq. 11):
Resistance$Rs, , re and r) generates thermal noise as can be
seen in (Eq. 5):

2
o J2KT( | (irrrZ,)

ne 2 >
V:r =4kTr, 8En L Zbe
wherek is the Boltzmann’s constartt,is temperature andis the WwhereZseis the parallel of - andc- in Figure 2.
resistance valugY). The noise figure expression of a device can be obtained from the

Base and collector currents &ndlc) generate shot noise (Eq. 6):ratio between the total noise at the output and the noise of the
source (Eq. 12):

. _2KTg,
o = GVt GV VetV (Vi
B F= GV == :1+T’
) wherevnsis the noise at the input of the device amds the noise of
wheregm is the HBT transconductance. the device.
Base currentlf) also generates flicker noise (Eq. 7): By substituting Equations 7, 8 and 9 in 10, the noise figure
. 2,1,f, expression is obtained (Eq. 13):
i S nt+r, 1
+

F =
wherefl is the corner frequency arﬁds_ the frequency of interest. Re(Z,(t)) 2g,(H)Re(Z, (1))
The flicker noise defined by Equation 7 becomes dominant at O, + 7, + Z, (1))’ N (r, +7.+ Z, (1)

lower frequencies, below the cornéryalue and can be neglected+g"’ =,
above a few kHz. 2B Re(Z, (1)) 2g,(DRe(Z, (1) Re(Z,,)

Three noise generators must be added: two current sources fialeq andz, are time-dependent variables because in the previous
represent the shot noise of the collector and base currents and fgw|us the first stage of the mixer has been modeled using a sma
voltage sources that represent the noise generated by the sosjgfigal model of the transistor. As the mixer is not a linear device,
resistanceR), parasitic base, emitter and collector resistanégs, gm andZ, are not constant values. In [9] a model to predict noise
and rc. Transferring all these sources to the input yields noisigure of HBT mixer is presented by splitting the influence of LO
generated at source and the mixer, as shown in Figure 3. harmonics in noise figure (Eq. 14):
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where the rows of Equation 14re the noise contribution from
RF, direct current (DC) and image frequencies to IF output,
respectively. The three rows have a similar structure: Thermal noise
form resistances, base shot noise contribution and the element
multiplied by (1§) are the collector shot noise contribution.

Influence of Mixer Design in Noise Figuréwnalyzing Equation
14 to minimize noise figure of the mixers shows two main parameters
that influence the noise figure of the differential pair and that must
be taken into account when designing a mixer. The base anc
emitter resistancas andre are the only parameters of the transistors
that affect thermal noise and can be modified by the designer. T
reduce the noise generatedrbyandre, the number of base-emitter
contacts and the emitter area must be as high as possible. Howeve
there are limits to the possible emitter area because of the parasiti
capacitancec,. which is proportional to the emitter area. This
capacitance affects the impeda@cien Equation 14. So, depending
on the RF, a trade-off must be achieved between reducing therma
noise and reducing gain that induces a rise in noise figure due tc
the higher influence of noise from next stages. The transconductanc
gmis directly proportional to the collector curréatand this current
is fixed when polarizing the mixer. If the transistor parameter b
is high, the base shot noise contribution can be neglected anc
Ic should be increased. However if b, which depends on frequency,
in Equation 13 is not quite high, then shot noisdwdhfluences
noise figure and IC should be reduced. The high-frequency small
signal current gain [8] is (Eq. 15):

By
C . +C ’
1+ 8, — jo
where C- is the base-emitter parasitic capacitance @nds the
base-collector parasitic capacitanceisithe low frequency current
gain and g the trasconductance of the transistor.

From Equation 14 another consideration can be made: The nois
contribution of the second and third row can be minimized by
filtering the image and IF.

Once the mixer has been fabricated, there is a way to influence
the noise figure as can be seen in Equation 14. LO signal has
great influence on noise figure first of all becagseis directly
proportional to LO power. In addition, LO signal has another
influence on mixer noise: If switching of the four transistors
in mixer core had been ideal (Figure 1), then only two transistors
have been conducting in every single moment and only two
transistors would have been generating noise. However, there ar
small intervals when the four transistors are switched on.
The length of this interval depends on the LO signal, its voltage
level and shape.

Bljo)=

Linearity in Gilbert mixers-Gilbert mixer linearity depends mainly
on the first stage, which transforms the voltage input signal in
a balanced current. This function is carried out by the differential
input pair that forms the amplification stage. Its behavior can be
defined with an hyperbolic tangent function presented in Equation 1
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that is also included in Equation 16 (Eq. 16

.‘_-

—
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el

V,=2I.R. tanh(V"FJ
2 T
In the conversion gain section, Equation P,
a linear conversion has been considered Iy i
equating tanfx) with x, assuming that } ] = =
the input signal is a small signal. Howeve, 8 w0 i,
when analyzing the mixer linearity, this a§ |
sumption cannot be made because high in -
signals are used to test the mixer. |
To obtain the different output harmonic
the tanlix) function is approximated by it
Taylor series (Eq. 17): Figure 4. Simplified class-AB input stage.
tanh(x) = o, x —a,x° +.... A Linearitly is_mears],ured through the 1P3 parar'r;gter,hwhichhis the
] ] N ; . theoretical point where output components atawd w have the
If the input signal of the mixer is a two-tone signal (Eq. 18): same amplitudes, as those at2w and 2w-wi. If the input ampli-
x(t) = Acoswt + Acosw,t, tudeA is small enough to guarantee that> 9x3A2/419, then the

where w is close to wfrequency and is the signal amplitude, the IP3 point is given by (Eq. 20):
output signal is obtained by substituting Equation 17 in Equation 16

!

3
(Eq. 19): |ov| 4, = Z‘aa‘AISPw
9 9 whereAps is the normalized input signal amplitude at IP3 point (Eq.
tanh(x) :(oc1 +Zoc3A2 JAcosa)lt+(ozl +Zoz3A2 )Acoswzt 21): Ars P 9 P P Eq
3 5 35
+—0,4" cos Cw, —m,)t +—o, 4" cos (2w, — o))t +... A = 4|y
4 4 P3 — 3
a}
Circle 42 or visit freeproductinfo.net/rfd Circle 43 or visit freeproductinfo.net/rfd
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and the output IP3 is given lyAps. the Cbe parasitic capacitor of transistors in the mixer core
In the input stage of a Gilbert cell, which is a differential paiproduces current pedi&
the o andas coefficients can be approximated by=1 andas=1/3 Local oscillator isolation—kocal oscillator isolation depends o
for —0.55 <x < 0.5511. As x=Vre/2V7, this means inputs up differential structure, and isolation is increased by assuring symm
to £ 28.6 mV for a bipolar differential pair operatingTat300 K. between the two sides of differential Gilbert cell.
If the input signal amplitude is the maximum signal, 28.6 mV,
which corresponds to —11.84 dBm, then the maximum input IP3Linearizing techniques
(Eq. 22): The only way to increase linearity is by modifying Equation 1
Two methods are widely used to linearize Gilbert cells: the inclug
4|a, of emitter degenerati®hand the use of a class-AB input stag
1P3 =20log Aps + B, =20log ol I Py =-5.82dBm replacing the HBT pair in the amplification stéée
} Emitter degeneration consists of including emitter resistors in
As can be seen in previous equations, Gilbert cell linearity cantf@nsistor pair of the RF stage. This is a popular way to exteng
approximated by a mathematical function that is not dependentli®¢ar range of operation. The improvement factor in the differen
the values of the elements that form the circuit. Theoretically, tRair is approximately equal teR., with I andRe the emitter current
HBT pair in the amplification stage has a linearity limit near -5 dBrind the resistor value, respectively. However, the use of em
This is the maximum IP3 value obtained in a Gilbert cell, but @generation to improve linearity involves some consequences in
can become lower if the layout of the circuit is not carefully design@gd noise. )
or a perfect switching is not achieved. To obtain the maximum IP3Voltage gain is reduced by approximately the same factor tha
value: input range is increased. Also, a new factor is added in the vol
1. The switches in the mixer core should be made of small transistBgése defined by Equation 9 (Eq. 23):
In this way base-emitter capacitance of switches might be reduged _ 4.7p
and the transition time decreased. Linearity is improved becausé& ¢ ] ) ]
the third-order intermodulation currents are only generated Which is the thermal noise resulting from emitter degenerat
transitiong2!. In addition, because of voltage gain reduction in different
2. Layout techniques like common centroid should be used ipgut stage, the contributions to noise of the following stages bec|
achieve equal branches in Gilbert cell. more important. . ) . ) )
3. LO signal in the mixer core (Figure 1) has great influence onTwo kinds of degeneration can be included in the emitter: resis
linearity. It must drive enough power to switch transistors quickg/r inductive. The resistive is used when the RF signal is a
with the minimum transition time. However, too much power chargégguency or a wideband signal and it includes more gain decr
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than the latter one. The inductive degeneration is used with higkeferences
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The input stage diagram is shown in Figure 4. _ 2. H-D. Wolmuth, W. Simbirger, “A High-IP3 RF Receiver
In this input stage, the relationship betwéerand the difference chip Set for Mobile Radio Base Stations up to 2 GHz,” IEEE Journal
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Mixer gain associated with this input stage is (Eq. 26): 7. T. H. Lee, “The Design of CMOS Radio-Frequency Integrated
4 Circuits,” Cambridge University Press, pp. 552-554, 1998.
Gy = Re8ir = 8. P. Gray, R. Meyer, “Analysis and Design of Analog Integrated

Comparing Equation 26 with the gain of the differentia ireuits, \_N”ezl’ 1_984 (_an ed.), p. 43'_ . .
pair (Equation 4), it can be seen that the gain in mixers employifgB- Xavier, “Noise Figure & Associated Conversion Gain of a
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mixers with differential pair in input stage. However, in clasF Wireless Communcations Systems. Tutorial Working Forum,
AB, the collector currentc is lower in to achieve the 50 w June 1997 (IEEE MTT-S International Microwave Symposium).
matching, and for this reasogmre is lower. The equation for 10. B. Razavi, “RF Microelectronics,” Ed. Prentice Hall 1998,
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with shot noise fromlc and I». The voltage gain is not high Transaction on Microwave Theory and Techniques, pp. 307-314,
enough and the noise from the mixer core and the buffer influenggs,ch 1987.

the g!obgl noise fjgure of .the mixer. The only way to increas_L T. H. Lee, “The Design of CMOS Radio-Frequency Integrated
linearity is to modify Equation 17. Two methods are widely us ir.cui.ts Can%brid e University Press. 1998. p. 324
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[5] and the use of class-AB stage (Figure 4), replacing the HEf- B: Gilbert, “The Micromixer: A Highly Linear Variant of
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