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Consider an NMOS FET with channel modulation.
1 mA/V2
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AC models describe the change in Drain current, ip, for small changes in vgg and/or

vps» [1, 2]. The small changes in voltages allow us to argue that squared and higher-

THEORY:
order terms are small, so we may linearize the i, formula by taking a one- or two-

dimensional Taylor series around a DC operating point and truncating it after the
diD(dVGS7VDS)V N dip(Vas, Vps)
dVigs & dVps

Vds

linear term.
ip(Vgs +vegs, Vps +vas) =~ ip(Vgs, Vps)
We model the small (AC) changes in ip using a current source from drain to source,
8mVgs and, if needed, a resistor, 7, parallel the current source. We refer to g, as the
"transconductance" and r, as the channel-modulation resistance.

ip (VGS + VgswVDS + Vds) ~ip (VGS7VDS) + 8&mVgs + Vds/ro
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Channel modulation, 4 # 0, causes the characteristic curves to be sloped in the
saturation region to the right of the curve where Vpg= Vg — V. The slope may

be modeled by a resistor, 7, in parallel with the current source in the AC models.

According to one question and response online about channel modulation in the
triode and linear regions, the formula for drain current still includes the (1 + AVps)

multiplier term [3, 4]. This makes sense, as it yields smooth curves.

k,
MODEL:  (Sat) Without channel modulation: Ip = En(VGS — VTH)2

g = 8mVgs

A Wos— Vi) = —22 e, Y
gm_dVGS_ n\YGS TH _VGS_VTH_ Hn oxLD

ro = oo Q (omitted from schematic)

kn
With channel modulation:  Ippeqd = E(VGS —Vrr)2(1+ AVps)

ldmod = 8mVgs + Vds/ro

dIDmOd 2ImodD
= =k,(Vgs —V, 1+ AVpe) = ————
8m dVes n( GS TH )( DS) Vos — Vin
: : YA here ¥, s from data sh
To = dé?/mod = A I where V4 is from data sheet
DS

1
MODEL:  (Triode) Without channel modulation: Ip = Ek” 2(Vgs — Vru)Vps — V]

g = 8mVgs + Vds/ro

dIp
8&m = WGS = knVps
1 1
rp = dﬁ;% = ol Vos — Vi) —Vos] from Ip, not A

1
With channel modulation: Ipmeq = Ek" [2(Vgs — Vru)Vps — Vz%s] (1+AVps)

ldmod = 8mVgs T Vds/ro

dIDmod
"= =k,Vps(1+ AV,
g Wos ps(1+AVps)
1 1
To = from Ip and A

 dpwed ke, (Vs — Ve ) — Vis) (14 AVbs) + Apmod
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MODEL:  (Linear) Without channel modulation: Ip ~ k,(Vgs — Vre)Vps

ldmod = 8mVgs + Vds/ro
dlp

8 dVes DS
L ! from 1, A
To = dd% = k, (VGS — VTH) rom Ip, not
DS

With channel modulation: Ip,0q = kyn(Vos — Vra)Vps(1+ AVps)
ldmod = 8mVgs T Vds/ro
. dIDmod
8m — dVes
1 1
o = = from Ip and A

déD_mod k, (VGS — VTH) ( 1+2A VDS)
Vps

= k,Vps(1+AVps)
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MODEL:  (Linear) Without channel modulation: Ip ~ k,(Vgs — Vre)Vps
ig = knVDsVes +kn(Vos — Vi ) vas
di

d
8&m = a— = anDS
Vgs
1 1
r, = - =
" i ky(Vgs — Vru)
8vds

With channel modulation: Ip;0q = kn(Vas — Ve )Vps(1 + AVps)
ig= anDS(l + )LVD5>Vgs + [kn(VGS — VTH)(l + AVDs) + QLID]VdS

di
g = =0 — ko, Vps(1+ AVps)
Vs
1 1
r, = - g
0 aavzj kn(VGs—VTH)(1+;LVDs)+AID
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in(Vas + ves, Vos + vas) = ip(Vigs, Vbs) + €mVes + Vas /o
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Ex:	Consider an NMOS FET with channel modulation.

Transconductance parameter	kn	1 mA/V2 

Threshold	VTH	1.5 V

Channel modulation	λ	0.02 V−1 

		

		



		













Theory:	AC models describe the change in Drain current, iD, for small changes in vGS and/or vDS, [1, 2]. The small changes in voltages allow us to argue that squared and higher-order terms are small, so we may linearize the iD formula by taking a one- or two-dimensional Taylor series around a DC operating point and truncating it after the linear term.

  TexMaths12§display§i_{D}(V_{GS} + v_{gs}, V_{DS} + v_{ds}) \approx i_{D}(V_{GS}, V_{DS}) + \cfrac{d i_{D}(d V_{GS}, V_{DS})}{d V_{GS}} v_{gs} + 
\cfrac{d i_{D}(V_{GS}, V_{DS})}{d V_{DS}} v_{ds}§svg§600§FALSE§

We model the small (AC) changes in iD using a current source from drain to source, gmvgs and, if needed, a resistor, ro, parallel the current source.  We refer to gm as the "transconductance" and ro as the channel-modulation resistance.

  TexMaths12§display§i_{D}(V_{GS} + v_{gs}, V_{DS} + v_{ds}) \approx i_{D}(V_{GS}, V_{DS}) + g_m v_{gs} + v_{ds}/r_o§svg§600§FALSE§

Channel modulation, λ ≠ 0, causes the characteristic curves to be sloped in the saturation region to the right of the curve where VDS = VGS − VTH.  The slope may be modeled by a resistor, ro, in parallel with the current source in the AC models.

According to one question and response online about channel modulation in the triode and linear regions, the formula for drain current still includes the TexMaths12§display§(1 + \lambda V_{DS})§svg§600§FALSE§                   multiplier term [3, 4].  This makes sense, as it yields smooth curves.

Model:	(Sat)	Without channel modulation:	 TexMaths12§display§I_D = \cfrac{k_n}{2} (V_{GS} - V_{TH})^2§svg§600§FALSE§                                    

  TexMaths12§display§i_d = g_m v_{gs}§svg§600§FALSE§

  TexMaths12§display§g_m = \cfrac{dI_D}{dV_{GS}} = k_n (V_{GS} - V_{TH})
= \cfrac{2 I_D}{V_{GS} - V_{TH}}
= \sqrt{2 \mu_n C_{ox} \cfrac{W}{L} I_D}§svg§600§FALSE§

TexMaths12§display§r_o = \infty \hspace{2 pt} \Omega§svg§600§FALSE§             (omitted from schematic)

		With channel modulation:	TexMaths12§display§I_{Dmod} = \cfrac{k_n}{2} (V_{GS} - V_{TH})^2(1 + \lambda V_{DS})§svg§600§FALSE§                                                          

  TexMaths12§display§i_{d mod} = g_m v_{gs} + v_{ds}/r_o§svg§600§FALSE§

  TexMaths12§display§g_m = \cfrac{d I_{Dmod}}{d V_{GS}} = k_n (V_{GS} - V_{TH})(1 + \lambda V_{DS})
= \cfrac{2 I_{modD}}{V_{GS} - V_{TH}}
§svg§600§FALSE§

  TexMaths12§display§r_o = \cfrac{1}{\tfrac{d I_{Dmod}}{d V_{DS}}}
=  \cfrac{1}{\lambda I_{Dmod}} = \cfrac{V_A}{I_{Dmod}}§svg§600§FALSE§ where VA is from data sheet

Model:	(Triode)	Without channel modulation:	 TexMaths12§display§I_D = \cfrac{1}{2} k_n [2(V_{GS} - V_{TH})V_{DS} -V_{DS}^2]§svg§600§FALSE§                                                          

  TexMaths12§display§i_d = g_m v_{gs} + v_{ds}/r_o§svg§600§FALSE§

  TexMaths12§display§g_m = \cfrac{d I_D}{d V_{GS}} = k_n V_{DS}§svg§600§FALSE§

  TexMaths12§display§r_o = \cfrac{1}{\tfrac{d I_D}{d V_{DS}}}
= \cfrac{1}{k_n [(V_{GS} - V_{TH}) - V_{DS}]}§svg§600§FALSE§	from   TexMaths12§display§I_D§svg§600§FALSE§, not   TexMaths12§display§\lambda§svg§600§FALSE§

		With channel modulation:  TexMaths12§display§I_{Dmod} = \cfrac{1}{2} k_n [2(V_{GS} - V_{TH})V_{DS} -V_{DS}^2](1 + \lambda V_{DS})§svg§600§FALSE§                                                                                

  TexMaths12§display§i_{d mod} = g_m v_{gs} + v_{ds}/r_o§svg§600§FALSE§

  TexMaths12§display§g_m = \cfrac{d I_{Dmod}}{d V_{GS}} = k_n V_{DS}(1 + \lambda V_{DS})§svg§600§FALSE§

  TexMaths12§display§r_o = \cfrac{1}{\tfrac{d I_{Dmod}}{d V_{DS}}}
 = \cfrac{1}{ k_n (V_{GS} - V_{TH}) - V_{DS})(1 + \lambda V_{DS})
+ \lambda I_{Dmod}}§svg§600§FALSE§	from   TexMaths12§display§I_D§svg§600§FALSE§ and   TexMaths12§display§\lambda§svg§600§FALSE§

Model:	(Linear)	Without channel modulation:	   TexMaths12§display§I_D \approx k_n (V_{GS} - V_{TH})V_{DS}§svg§600§FALSE§

  TexMaths12§display§i_{d mod} = g_m v_{gs} + v_{ds}/r_o§svg§600§FALSE§

  TexMaths12§display§g_m = \cfrac{d I_D}{d V_{GS}} = k_n V_{DS}§svg§600§FALSE§

  TexMaths12§display§r_o = \cfrac{1}{\tfrac{d I_D}{d V_{DS}}}
= \cfrac{1}{k_n (V_{GS} - V_{TH})}§svg§600§FALSE§	from   TexMaths12§display§I_D§svg§600§FALSE§, not   TexMaths12§display§\lambda§svg§600§FALSE§

		With channel modulation:    TexMaths12§display§I_{Dmod} = k_n (V_{GS} - V_{TH})V_{DS}(1 + \lambda V_{DS})§svg§600§FALSE§

  TexMaths12§display§i_{d mod} = g_m v_{gs} + v_{ds}/r_o§svg§600§FALSE§

  TexMaths12§display§g_m = \cfrac{d I_{Dmod}}{d V_{GS}} = k_n V_{DS}(1 + \lambda V_{DS})§svg§600§FALSE§

  TexMaths12§display§r_o = \cfrac{1}{\tfrac{d I_{Dmod}}{d V_{DS}}}
 = \cfrac{1}{ k_n (V_{GS} - V_{TH})(1 + 2 \lambda V_{DS})}§svg§600§FALSE§	from   TexMaths12§display§I_D§svg§600§FALSE§ and   TexMaths12§display§\lambda§svg§600§FALSE§



Model:	(Linear)	Without channel modulation:	   TexMaths12§display§I_D \approx  k_n (V_{GS} - V_{TH})V_{DS}§svg§600§FALSE§

  TexMaths12§display§i_d = k_n V_{DS} v_{gs}
+ k_n (V_{GS} - V_{TH}) v_{ds}§svg§600§FALSE§

TexMaths12§display§g_m = \cfrac{\partial i_d}{\partial v_{gs}} = k_n V_{DS}§svg§600§FALSE§                                    

  TexMaths12§display§r_o = \cfrac{1}{\tfrac{\partial i_d}{\partial v_{ds}}}
= \cfrac{1}{k_n (V_{GS} - V_{TH})}§svg§600§FALSE§

		With channel modulation:    TexMaths12§display§I_{Dmod} = k_n (V_{GS} - V_{TH})V_{DS}(1 + \lambda V_{DS})§svg§600§FALSE§

  TexMaths12§display§i_d = k_n V_{DS} (1 + \lambda V_{DS})v_{gs} +[ k_n (V_{GS} - V_{TH})(1 + \lambda V_{DS})
+ \lambda I_D] v_{ds}§svg§600§FALSE§

  TexMaths12§display§g_m = \cfrac{\partial i_{dmod}}{\partial v_{gs}} = k_n V_{DS}(1 + \lambda V_{DS})§svg§600§FALSE§

  TexMaths12§display§r_o = \cfrac{1}{\tfrac{\partial i_d}{\partial v_{ds}}}
 = \cfrac{1}{ k_n (V_{GS} - V_{TH})(1 + \lambda V_{DS})
+ \lambda I_D}§svg§600§FALSE§
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