A MOSFET MODEL FOR LOW POWER ANALOG IC DESIGN
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Simpie and continuous expressions have been derived from basic MOSFET eguations The
key variable of the model is the curreni. Simple expressions jor both the transconduciance-
to-current ratio, the saturation voligge and the culoff frequency mn terms of the mversion level
have been mnciuded m the paper. A design of a common source amplifier is presemied 10
illustrate the appiication of the model.

I dncti
Power consumption is currently the main 1ssue for batterv-operated systems such as electronic
watches, impianted biomedical devices and other small size portable nstruments [1]. Tvpical
current consumption is below the uA range for 2 voltage operation betwesn 1V and 3 V. At
these current levels the MOS transistors generally operate in the weak and moderate inversion
regions Therefore, 2 MOSFET mode] which extends from low to high current levels is needed
for analysis and design of high performance integrated circuits (IC) The desirable properties of
this MOSFET model [2.3] can be summarized as follows (i) it should be physics-based: (i) it
should consist of single-piece, continuous and accurate expressions, (iii) it should have as few
parameters a< possible, (v) it should preserve the source-dramn symmetry of the transistor
Particularly, znalog IC designers need simple expressions to compute transistor dimensions for
any curremt ievel The mode! introduced in [4] satisfies the above mentioned propernes. This
paper extends the results of [4] and provides 2 sct of accurate and umiversal expressions for
aneiysis and design of ICs. These expressions can be emploved for any process, bias voltages
or uamsistor dimensions. In these expressions, the current is the key variable and 2
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Drain current to transconductance ratio
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where the first term in the nght hand side s the drif current and the second one 15 the diffusion
current. Integrating along the channe! length results in
Ip=1-14 (3a)
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The dran curremt has been decomposed into 2 forward current /- and 2 reverse current fx [3]
These currents depend on the mversion charge densines ( ;- and O 5 at the source and drain
ends of the channel In saturation, /- >>/; and /r=/- In the tnode region both components of
the dram current should be taken mto accoont

Combining (3b) and the defimition of the source transconductance [3 4],
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ieads 10 an expression for the current o source ransconductance Tatio-
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current or specific current, which depends on technology (xm( ), geometry (W) gate
voitage (4.n jand temperature (6, 1)

Egn (52) s 2 universal charactenstic of MOSFETs that is independent of technoiogy,
geometry, gate voltage and temperature Thus, plots of (52) should comade for all MOSFETs
2s long es the normalization current is correctly determimed

Figs | 10 3 show the plots of the current to transconductance ratios for N and P-channel

transistors, trensistors with different geomermies and differemt gate voitages The measurements
confirm the theoretical expression (3a).

Let us compare now the difference between 2 bipolar design and an MOS design. Recall that
for the bipolar transistor /-g.$=1 Thus the collector current is determined as long 2s the
transconductance 15 specified On the other hand for MOSFETs, we can choose either the
mversion coefficient or the dramn current. according o (5a), to meet the design requirements
for gu

The mtrnsic anoff frequency e 1s defined as the unit current gain frequency of the common
source configuration [5]. For the ntrmsic transsstor in Saturation & is given by
Eme
Gy = (6)
Co. 7 Cy
An expression for @ can be readily obtamed from the results m Appendix A and recaliing
that, I SEMUTANION, Ly =Zu7 [3.4]
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Piots of @- vs i, are shown in Fig 4 Notc that the sensitivity of & 10 » is low, specially m
the moderate and strong mversion regions (i->1).

The saturation voltage
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which the ratio of the reverse cumrent to the forwand cument JpZ—<<1, sy, e=0.01
Assuming the mversion charge density is given by (B3) m Appendix B and using (3b) we have
the foliowing expression for Voo
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Fig 5 shows the plot of the dram saturstion voltage vs the mversion coefficient Note that for
weak mversion ¥ ose=Vs+ ghin(1/5) and for strong inversion Vagera vy

Design of 2 common source amplifier

In the common source ampiifier shown in Fig 6 the current source is assumed 1o be ideal C is
the load capacitance, g. 15 the output conductance and g, is the gate transconductance
quaﬂgth:ummnd:mbythnﬁn!pd;{l}kﬁ:ﬁfy\duguﬁ:whmm
and the gam-bandwidth product are given by A~—(gwmip W, and GBW-g..2aC,
respectively Note that the voltage gamn is proportional to the ratio g..7, Moreover, this tatio
mdicates the conversion efficency from curremt (power) 1o tramsconductance Since 2
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desirable. this voltage gain expression is useful for design

As 2 design example, assume GBW and  are known Therefore, the bias curremt and the
ITANSISIOT aSpect Tatio have 10 be determined The minimum value of the imversion coefficient.
isma. Can be readily determined from (7) f0r fue ~3GBW [6]. For each value of i/ > iz, the bias
current /5 1s computed from (Sa) while the aspect ratio is computed from

LA = 1
L~ w8 ‘;.JI]‘-I_; -1

As an exampie, consider the same specifications as m ref [7] GBW=10 MHz, (=10pF,
#C .~80uA/V* Aditionally, assume #=135. £=500 cm*/Vs and /=2um From (7), I=04
From (3a). Jrmw=24 pA and (W/L ) =1650, according to egn. (9) Table 1 shows the results
obtamed using the new model and those from [7, 8] It can be readily noticed that our analynic
Mhﬁmmﬂhmmﬂewﬁhhdﬁﬁmtﬁﬂ
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Conclusions

A physics-based law for the /g, matio m MOSFETs has been derived and experimemally
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included here Fmally, we presemted 2 simple methodology for the design of basic analog stages
based on the dependences of ;- and //gm on the mversion cocfficient i,
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APPENDIX A
A general expression for C,, 15 given m ref [4]
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The differentiation of eqn  (3b) with respect 1o | - together with egn. (4) results m
Ok
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Recall ther n saturation /- >>/; The substiution of eqn (A4) into egn (A1) and =gn. (3b)
aliow us writing the gate-to-source capacitance m saturation
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The gate-to-bulk capacitance 1s calculated from [4]

From the gate charge conservation equation [S. p 79] it is £asy to prove that for constant gate

to bulk porennal |5 _
. __ C
dies|,  C +C,+C,

(B1)
where ¢ 15 the surface potential, ¥ s the channel voltage and C, C_, and C; are the
mversion. oxide and depietion capacirances per unit area, respectively [4]
From (1) and (B1) we obtain

dg, (C.-CC C.
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where ('~ ("+- C, 15 the so-called semiconductor capaciiance per umit area.
Egn (1), (B1). (B2a) are equivalent 10 the small signal model shown in¥Fig B1
Assumimng that the expressions for C, and C, are
:-P-‘..ﬂ
G ={m—DC, (B2d) and C=C.(n-De * (B
the mtegration of (B2a) leads to -
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Figure 3- Dram current/transconductance vs Figure 4 Normalized mimnsic  cutoff

mversion coeffieent for N (000) and P frequency vs mversion coefficiem
{———) channel transistors
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Figure 5- Dran saturation voltage (e=001)
vs mversion coeficcem
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Figure B1 - Small-signal mode! for the three
Table - Dramn curremt and aspect Tatio VS terminal MOSFET
mversion coefficient
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