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Abstract: A  physics-based  analytical  expression  that  predicts  the  charge,  electrical  field  and  potential  distributions  along  the
gated  region  of  the  GaN  HEMT  channel  has  been  developed.  Unlike  the  gradual  channel  approximation  (GCA),  the  proposed
model considers the non-uniform variation of the concentration under the gated region as a function of terminal applied volt-
ages.  In  addition,  the  model  can  capture  the  influence  of  mobility  and  channel  temperature  on  the  charge  distribution  trend.
The  comparison  with  the  hydrodynamic  (HD)  numerical  simulation  showed  a  high  agreement  of  the  proposed  model  with
numerical data for different bias conditions considering the self-heating and quantization of the electron concentration. The ana-
lytical  nature  of  the  model  allows  us  to  reduce  the  computational  and  time  cost  of  the  simulation.  Also,  it  can  be  used  as  a
core expression to develop a complete physics-based transistor Ⅳ model without GCA limitation.
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 1.  Introduction

The  high  piezoelectrical  effect  and  controllable  mis-
match  in  AlGaN/GaN  HEMT  transistor  allow  us  to  achieve  a
high  value  of  sheet  concentration  and,  consequently,  high
delivered output power[1−5]. The power and frequency perfor-
mance  of  GaN  HEMTs  widen  their  application  in  high-speed
R.F. integrated circuits[2, 3]. Modeling of the 2DEG electron con-
centration  within  the  quantum  well  has  been  a  hot  issue  for
decades.  Several  models  have been reported where the elec-
tron concentration was calculated analytically as a function of
gate-applied  voltage[6−10].  However,  in  the  operation  time  of
the HEMT device,  the electron concentration changes in two-
dimension x and y and depends mainly on the electrical  field
at  the  interface.  The  electrical  field  at  the  heterointerface
varies  from  point  to  point  along  the  channel  and  is  dictated
by  the  nonlinear  conductivity  in  each  point  along  the  chan-
nel[11−13].

To the authors' knowledge, experimental methods predict-
ing  the  charge  distribution  along  the  channel  do  not  exist
yet.

However, several theoretical methods efficiently give a pre-
cise  prediction  of  the  charge  distribution  within  the  active
part  of  the  channel,  such  as  the  Monte  Carlo  model[10−14],
hydrodynamic  model[15,16] (HD),  energy  balance  model  (EB),
thermodynamic  model  (TD),  and  drift-diffusion  model
(DD)[17，18].

However, the above-listed models do not account for the
quantum  properties  of  2DEG  and  rely  on  the  numerical  solu-

tions of semiconductor equations self-consistently. The numeri-
cal  techniques  are  well  known  for  their  computational  and
time  consumption.  Moreover,  in  many  cases,  the  numerical
algorithm  does  not  converge  very  quickly,  especially  for  the
HD models.  Therefore,  analytical  models with physically  justi-
fied  approximations  will  be  more  efficient  for  engineering
tasks and IC-aimed physics-based models.

Several analytical physics-based models have been devel-
oped  by  different  institutions[19−22].  Nevertheless,  almost  all
of the models rely on assumptions posed by the gradual-chan-
nel approximation (GCA):

E(x)(1)  Linear  longitudinal  electrical  field  distribution 
along  the  channel.  In  other  words,  the  electrical  field  deriva-
tive along the channel is constant, thus: 

dE
dx

= const.

ns(x)(2)  A  constant  gradient  of  the  sheet  electron  concentra-
tion  along the channel, so: 

dns(x)
dx

=
ndi − nsi

Lch
,

ndi nsi

Lch

where ,  are  the  sheet  electron  concentrations  on  the
drain and source boundaries  of  the gated region with length

.

E⊥ ∝ q [σ − n(x)]/ ε TL ∝ E∥J

GCA-based  physical  models  can  achieve  a  good  fit  with
output device performance owing to the fitting process; how-
ever,  they  cannot  reveal  a  deep  insight  into  the  device
physics, for example, predicting the maximum vertical electri-
cal  field ,  lattice temperature  ,  and
gate current, which is crucially important for the device reliabil-
ity  estimation.  The  numerical  analysis  of  the  RF  HEMT  struc-
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ture  with  a  short  channel  length  has  proved  the  GCA  to  be
invalid, as the longitudinal electrical field and electron concen-
tration  change  in  a  nonlinear  (non-uniform)  manner  along
the  channel.  Even  though  the  non-uniformity  of  the  electri-
cal  field  can  be  found  in  any  position  of  the  channel,  the
numerical  simulations,  including  the  Monte  Carlo
method[10−14],  show  that  the  significant  non-uniformity  can
be  found  under  the  gated  regions  (main  gate,  a  gate  con-
nected field plate,  a source connected field plate).  It  is  essen-
tial to mention that such non-uniformity can be found within
the  access  regions;  However,  it  is  relatively less  pronounced
than  in  gated  regions  and  mainly  happens  at  relatively  high
applied  voltages.  Estimating  the  electron  concentration  pro-
file  under  the  gated  regions  is  extremely  important  as  it  is
related  to  the  electrical  field  and  dissipation  power.  A  robust
analytical  model  for  the  charge  distribution  along  the  chan-
nel  should  be  developed  to  overcome  the  limitation  posed
by  gradual-channel  approximation.  This  work  has  been
devoted  to  developing  an  analytical  expression  that  physi-
cally  describes  the  charge  variation  along  the  gated  part  of
the channel.

 2.  Model description

A  cross-section  of  the  AlGaN/GaN  HEMT  transistor  dis-
cussed in the current research is shown in Fig. 1. Accordingly,
the  device  and  simulation  parameters  are  listed  in Table  1.
The suggested model here is for the active region of the tran-
sistor channel under the gate.

Owing  to  the  quantum  confinement  at  the  hetero-inter-
face  of  the  HEMT  structure,  the  2DEG  can  be  described  well
by Schrodinger's and Poisson's equations[6−8]. Within the trian-
gular  quantum  well  assumption,  Schrodinger's  and  Poisson's

equations can be significantly simplified: 

ns(x) = DVth ln {[e Ef(x)−E(x)
Vth + ] × [e Ef(x)−E(x)

Vth + ]} , (1)

 

ns(x) = ε
qd

(Vg − Voff − Ef(x) − V(x)) , (2)

E(x) = γn
/
s (x) E(x) = γn

/
s (x)

Ef(x)
Vth d ε

Voff

V(x)
Vg γ γ

where  and  are  the  two  lowest
energy levels, D is the density of state,  is the Fermi level,

 is the thermal voltage,  and  are the thickness and dielec-
tric  permittivity  of  the  barrier  layer,  respectively,  is  the
cut-off  voltage,  is  the surface potential  along the hetero-
interface,  is  the  gate  voltage,  and ,  are  experimen-
tally defined coefficients.

E(x)At the on state, most of the electrons in 2DEG are mainly
resided wihin the first  quantum energy sub-level ,  which
means  that  the  electron  concentration  portion  on  the  sec-
ond  energy  level  is  comparably  smaller.  Therefore,  their
impact  on  the  charge  distribution  within  the  channel  can  be
neglected.  Considering  only  the  first  energy  level,  Eq.  (1)  for
the  sheet  electron  concentration  can  be  simplified  accord-
ingly: 

exp (ns(x)
DVth

) = exp (Ef(x) − E(x)
Vth

) + . (3)

E(x) = γn
/
s (x)Using Eq. (2) and expression , along with a

series  expansion  of  the  left-hand  side  exponential  and  rear-
ranging  as  in  Ref.  [23],  an  expression  for  the  surface  poten-
tial as a function of sheet concentration can be obtained: 

Vg − Voff − V(x) = qd
ε ns(x) + γn

/
s (x) + Vth ln

ns(x)
DVth

. (4)

E(x) = −dV(x)/dxDifferentiate Eq. (4) with respect to the x, it is easy to deter-
mine  the  electrical  field  distribution  along
the  active  part  as  a  function  of  the  sheet  concentration  and
its derivatives: 

E(x) = −
dV(x)
dx

=
qd
ε

dns(x)
dx

+


γn

−/
s (x)dns(x)

dx
+

Vth

ns(x) dns(x)
dx

.

(5)

It  is  essential  to mention that the electrical  field depends
not  only  on  the  charge  distribution  but  also  on  the  mobility,
drift-velocity,  temperature  and  concentration  gradients,
which can be determined only by solving Poisson and continu-
ity  equation  self-consistently.  Therefore,  Eq.  (5)  should  be
solved  with  the  current  equation  self-consistently  to  deter-
mine the charge distribution.  As  the main target  of  this  work

 

Table 1.   Geometrical and simulation parameters of considered GaN/AlGaN HEMT transistor.

Parameter Symble Value Parameter Symble Value

Threshold voltage Voff –2.1 V Mobility μ 2000 cm2/(V·s)
Gate length Lg 0.1 μm Saturation velocity vs 2.9 × 105 m/s
Gate width Wg 4 × 30 μm Exp. parameter γ1 2.12 × 10–12

Barrier thickness d 30 nm Exp. parameter γ2 3.73 × 10–12

Channel thikness Wch 1 μm Controlling parameters η1, η2 0.5 × 10-2

Substrate thickness Ws 100 μm Controlling parameter a1 1
AlGaN dielectric cons ε 10.66 × 10–11 F/m Controlling parameter a2 5

 

Fig.  1. (Color  online)  Cross-section  of  considered  GaN/AlGaN  HEMT
transistor.
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is  to  obtain  an  approximated  analytical  equation,  consider-
ing  the  electron  and  lattice  temperature  gradients  will  make
it  nearly  impossible.  Therefore,  we  assumed  the  electronic
transport is only due to drift diffusive and can be written as, 

Ids = − qWμ [−ns(x)E(x) − Vth
dns(x)
dx

]
= − qWμ [ns(x)dV(x)dx

− Vth
dns(x)
dx

] ,
(6)

μwhere W is  the  gate  width,  and  is  the  electron  mobility.
The impact  of  the temperature gradient  will  be taken care of
through bias-dependent parameters.

Substituting Eq.  (5)  into  Eq.  (6)  for  the  drain  current,  one
may obtain the following: 

Ids = − qWμ [ns(x) (−qd
ε

dns(x)
dx

−


γn

−/
s (x)dns(x)

dx

−
Vth
ns

dns(x)
dx

) −Vth
dns(x)
dx

] .
(7)

Rearranging the Eq. (7), one may get: 

Ids = −k
d
dx

[kn
s(x) + kn

/
s (x) + kns(x)] , (8)

k = qd/ε k = /γ k = Vth

k = −qWμ

where , ,  and  are  assumed to  be
voltage  and  spatially  independent  coefficients,  and

 is  a  mobility  dependent  coefficient  (this  means  it
depends  on  electrical  field  and  temperature  as  well).  The
drain  current  continuity  condition  states  a  constant  current
throughout the device channel, which in turn means that the
derivation of current with respect to the x equal to zero. Apply-
ing this to Eq. (8), one may have: 

dIds
dx

= d
dx

(−k d
dx

[kn
s(x) + kn

/
s (x) + kns(x)]) =  ⇒

d

dx
[kn

s(x) + kn
/
s (x) + kns(x)] = .

(9)

In Eq. (9), we neglected the effect of mobility on the elec-
tron  spatial  distribution,  and  it  was  taken  as  averaged  value.
Eq.  (9)  is  a  second-order differential  equation that has a solu-
tion in the form: 

kn

s(x) + kn

/
s (x) + kns(x) = Cx + C. (10)

Eq. (10) is an algebraic high-order equation that is impossi-
ble  to  solve  analytically.  However,  Eq.  (10)  can  be  signifi-
cantly  simplified  using  the  underlying  physical  concept.  First
of all, Eq. (10) is rearranged as follows: 

kn

s(x) ( + k

k
n−/s (x) + k

k
n−s (x)) = Cx + C. (11)

Vg > Voff

E(x) = γn
/(x) ≫ Vth

Let  us  consider  the  case  where  the  applied  gate  voltage
is  higher  than  the  threshold  voltage .  In  such  condi-
tions, the first quantified sublevel is much higher than the ther-
mal voltage . For such a case, the concen-
tration  in  the  channel  is  high,  and  the  following  approxima-
tion is valid: 

( + k
k
n−/s (x) + k

k
n−s (x)) ≈ , (12)

k
k
≈  k

k
≈  ns(x) > where ,  and .  Correspondingly,  Eq.

(11) has a solution: 

ns(x) ≅ √
Cx + C

k
. (13)

As  the  applied  voltages  approach  the  threshold  voltage,
the approximation (12) becomes invalid as: 

 +
k
k
n−/s (x) + k

k
n−s (x) ≫ . (14)

k
k
n−/s (x) + k

k
n−s (x) ≫ 

ns(x) < 
Let  us  consider  the  case  when .

For the electron concentration lower than ,  the fol-
lowing inequality has a place: 

k
k
n−/s (x) ≪ k

k
n−s (x). (15)

Correspondingly Eq. (11) can be approximated as follows: 

kns(x) = Cx + C ⇒ ns(x) = Cx + C

k
. (16)

From Eqs. (13) and (16), the electron concentration distri-
bution along the gated region can be written as follows: 

ns(x) ≈
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

√
Cx + C

k
, Vg > Voff,

Cx + C

k
, Vg ⩽ Voff.

(17)

C CIn Eq.  (17),  and ,  are the integration constant,  which
can be found from the following boundary conditions: 

ns(x = ) = nsL (Vg, Voff, Ef(VL), VL, TL) , (18)
 

ns(x = Lg) = nsR (Vg, Voff, Ef (VR) , VR, TL) , (19)

Vg Voff

Ef(VL)
Ef (VR)

VL VR

where  is the applied gate voltage,  is the threshold volt-
age,  is  the  Fermi  potential  at  the  left  side  of  the  gated
region,  is  the  Fermi  potential  at  the  right  side  of  the
gated region,  and  are the applied intrinsic potential cor-
respondingly at the left and right side of the gated region.

The  electron  concentration  at  the  boundaries  is  calcu-
lated according to the equations provided in Ref. [6]: 

ns =
(ρs + nihexp (Eint − Ef + ηVeff

Vth
))



+

√(ρs + nihexp (Eint − Ef + ηVeff

Vth
)) + (hni)


, (20)

 

ρs = ( F

+

A

F
−

A

), (21)
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F = (B − A + 
√
−AB + B)/,

A = ζ [(K + ) (γ + γ)] ,
B = [K + Kδ + δ] Vthξ,

K = exp (Veff

Vth
) , (22)

 

ζ = /[ 
DK

+
 (K + )
ε/qd ], (23)

 

Veff = Vg − Voff − V(x), (24)
 

Veff = −
−Veff +

√
V
eff + η


, (25)

ns

Vth = (kT)/q
q

Ef(x) Ei
γ i

Ei ε
d Vg

Voff V(x) Veff

δ δ

η

η

where  is the 2DEG concentration, D is the density of states
of  the  channel  layer,  is  the  thermal  voltage, k is
the  Boltzmann  coefficient, T is  the  channel  temperature,  is
the elementary charge,  is  the Fermi potential  in  Volts, 
is  the ith-quantized energy  sublevel  in  Volts,  is  the ith-  pro-
portionality coefficient corresponding to ,  is the barrier per-
mittivity,  is  the  barrier  thickness,  is  the  gate  potential,

 is  the  threshold  voltage,  is  the  surface  potential, 
is  the  effective  surface  potential,  and  are  approxima-
tion  errors,  is  a  controlling  parameter  dependence  on  the
potential  gradient  across  the  channel,  and  is  the  parame-
ter controlling smooth translation from Fermi statistics to clas-
sical  Boltzmann  statistics.  The  Eqs.  (20)–(25)  are  straightfor-
ward closed-form analytical equations that is continuous with
their  derivatives  ,  as  it  was  demonstrated  in  Ref.  [6].  The  Eqs.
(20)–(25)  can give  an accurate  concentration calculation with
a  maximum  error  of  less  than  4%  at  the  threshold  compared
to the numerical simulation without applying any iteration.

Considering  the  boundary  conditions  (18)  and  (19),  the
expression for electron concentration distribution (17) can be
rewritten as, 

ns(x) ≅
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎛⎜⎝(n

sR − n

sL) x + Lgn

sL

Lg

⎞⎟⎠



, Vg > Voff,(nsR − nsL) x + LgnsL

Lg
, Vg ⩽ Voff.

(26)

The  Eq.  (26)  gives  the  charge  distribution  along  the
active part  of  the HEMT transistor  for  two different  operation
regimes: above and below the threshold voltage. As one may
notice  from  Eq.  (26),  the  difference  between  these  two
regimes  is  the  power  of  the  expressions.  At  the  same  time,
while deriving Eq. (26), we have neglected the mobility distri-
bution along the channel.  To account for non-uniform mobil-
ity distribution the Eq. (26) has been unified as follows: 

ns(x) ≅ ( (nm
sR − nm

sL) x + Lgn
m
sL

Lg
) 
m

, (27)

m ≈ f(Vg, Vd, μ, T)
m(Vg, Vd, μ, T)where  is  the  mobility  and  bias  conditions

dependent parameter. The function  can be ana-
lytically deduced from the continuity equation with the condi-

dI
dx = 

m(Vg, Vd, μ, T)
tion . However, this may complicate the equation, espe-
cially when implemented into SPICE program. To simplify the
task  and  find  an  effective  analytical  model,  we  have  pre-
sented the function  as a function of the applied
voltages and extracted the parameters from the numerical sim-
ulation: 

m(Vg, Vd) = a (Vg − Voff) + aexp (−. (Vd − Vg − Voff)) ,
(28)

a awhere 1, 2 with the value indicated in Table 1.

nsL nsR

It  is  worth  mentioning  that  the  electron  concentration
,  and  are functions of  the lattice temperature through

the  thermal  voltage  as  indicated  in  Eqs.  (20)–(25).  The  chan-
nel  lattice  temperature  in  our  case  can  be  calculated  using
the physical analytical model presented in Ref. [1].

 3.  Model verification and discussion

The  robust  way  to  examine  the  model  is  to  compare  it
with  experimentally  measured  data.  Nevertheless,  to  the
author's knowledge, no available experimental method could
describe  the  charge  distribution  along  the  channel.  The  cur-
rently  existing  methodologies,  such  as  capacitance  measure-
ment,  can  only  give  an  average  value  of  charge  overall  the
channel  within  an  interval  of  uncertainty  as  well  the  capaci-
tance  measurement  can  also  be  conducted  while  the  device
is in the off-state. Moreover, besides the intrinsic capacitance,
CV  measurements  include  parasitic  capacitances,  making
them  a  less  reliable  method  of  verification.  For  such  reasons,
a computational experiment has been carried out.

The  simulation  object  and  its  physical  and  geometrical
parameters  must  be  the  same in  both analytical  and numeri-
cal  models  to  ensure  that  the  comparison  takes  place.  The
proposed  model  considered  the  only  gated  region  of  the
GaN  HEMT  structure  as  the  significant  non-uniformity  takes
place  within  the  gated  region;  therefore,  for  the  computa-
tional  experiment,  the  drain  and  source  ohmic  contact  was
placed directly to the channel without considering the access
regions. The channel length, width, barrier, and channel thick-
ness  were  the  same for  numerical  and analytical  models  (see
Table  1).  The  semiconductor  transport  equations  within
hydrodynamic approximation are the following[16, 17]: 

jn = qμn (−n∇φ +
kBTn
q ∇n +

kBn
q ∇Tn) , (29)

 

vn∇vn =
q
m∗

n
E −

vn
τp

, (30)
 

vn∇Wn = −qvnE −
Wn −W

τm
, (31)

 

Wn −W =


kB (Tn − TL) + m∗

nv

n


, (32)

μn φ
Tn

vn m∗
n

τp
Wn W

where  is the electron mobility,  is the electrostatic poten-
tial, n is the electron concentration,  is the electron tempera-
ture,  is  the drift  velocity,  is  the electron effective mass,
E is  the  electrical  field,  is  the  momentum  relaxation  time,

 is  the  electron  energy,  is  the  energy  of  the  transport
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τm TLmedium,  is  the  energy  relaxation  time,  and  is  the  lat-
tice  temperature.  It  is  worth  noting  that  electron  mobility,
momentum,  energy  relaxation  time,  and  effective  mass  are
related  to  electron  energy,  electron  temperature,  and  lattice
temperature[24].  The  value  of  parameters  for  HD  simulation
was taken from Ref. [24]. The lattice temperature can be deter-
mined by the heat equation[24].  The Eqs. (29)–(32),  along with
the  heat  equation,  were  discretized  using  the  semi-implicit
scheme to ensure high stability and convergence resulting in
a  system  of  nonlinear  algebraic  equations  that  has  been
solved numerically and self-consistently.

Having  implemented  the  hydrodynamic  model,  we  have
compared  the  charge  distribution  along  the  channel  pre-
dicted  by  the  proposed  analytical  model  to  the  results
extracted from the numerical simulation for different bias con-
ditions. Fig.  2 shows the comparison result  between the pro-
posed model and numerical hydrodynamic model at gate volt-
age  equal  to  1  V  and  different  applied  voltage  on  the  drain.

As one may see, the electron concentration is distributed in a
non-uniform  way,  even  at  small  applied  voltages.  Non-uni-
form charge distribution leads to non-uniform channel resistiv-
ity.  Consequently,  the  potential  and  electrical  field  will  also
have  a  non-uniform  trend.  Analysis  of  non-uniformity  of  the
charge  and  electrical  field  distribution  is  important  to  gain
more  information  about  the  device  at  working  conditions  as
well as to avoid possible reliability issues. The proposed analyti-
cal  model  agrees  very  well  with  numerical  HD  simulation.  At
applied drain voltage less than saturation voltage, the approxi-
mation error did not exceed 2%. The error may increase at rela-
tively  high  drain  voltage  spatially  in  the  middle  of  the  active
devices  due  to  the  mobility  averaging  and  temperature  non-
uniform distribution.

In the same way, the approximation error at higher drain
voltages  does  not  exceed  8%.  It  is  worth  mentioning  that  in
the actual device, the upper limit of internal applied drain volt-
age  is  determined  by  the  access  resistances  and  the  satura-
tion  velocity  in  the  drain  access  resistance.  This,  in  turn,
means  8%  approximation  error  will  not  affect  the  quality  of
the  analysis  as  the  internal  drain  voltage  does  not  approach
such  a  high  value.  A  comparison  with  the  HD  model  reveals
that  neglecting  the  quasi-ballistic  transport  (that  may  take
place  in  short  channel  devices)  while  deriving  the  analytical
equation does not significantly impact the quality of the analy-
sis.

Figs. 3 and 4 demonstrate the electron concentration dis-
tribution within the gated region of AlGaN/GaN HEMT for the
same  applied  range  of  drain  voltages  and  different  poten-
tials  on the gate.  The figures demonstrate a good agreement
with  numerical  simulation.  As  one  may  notice,  as  the  gate
potential  move  close  to  the  threshold  voltage,  the  slope  of
the  distribution  becomes  less  than  in  higher  voltage,  which
the  analytical  model  has  predicted  well.  Such  a  decrease  in
slope is  explained by the mobility  change due to  the vertical
electrical field along with electron-electron scattering, degree
of quantum confinement, and channel temperature. The high
agreement between the proposed model and the HD simula-
tion  highlights  the  model's  validity  and  capability  to  predict

 

Fig.  2. (Color  online)  The  Electron  concentration  distribution  within
the gated region of GaN HEMT at Vg = 1 V and swept Vd from 0 to 5 V.
In the figure, x denotes the distance along the channel.

 

Fig.  3. (Color  online)  Electron  concentration  distribution  within  the
gated region of GaN HEMT at Vg = 0 V and swept Vd from 0 to 5 V. In
the figure, x denotes the distance along the channel.

 

Fig.  4. (Color  online)  Electron  concentration  distribution  within  the
gated region of GaN HEMT at Vg = –1 V and swept Vd from 0 to 5 V. In
figure, x denotes the distance along the channel.
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the  electron  concentration  distribution  within  the  gated
region of the channel.

 4.  Conclusion

The research paper presented an analytical  expression to
predict  the charge,  electrical  field,  and potential  distributions
within  the  GaN  HEMT  gated  region  as  a  function  of  applied
voltages.  The  model  considers  the  effect  of  temperature  and
mobility  on  the  non-uniformity  of  the  charge  distribution.  In
addition,  the  model  can  be  used  to  determine  the  electric
field  and  potential  distributions  under  the  gate,  which  are
highly  important  for  device  reliability.  The  results  of  analyti-
cal  modeling  highly  agree  with  robust  HD  numerical  simula-
tions;  therefore  the  proposed  model  can  be  used  as  a  core
equation  for  a  physics-based  analytical  model  that  does  not
rely on the gradual channel approximation.
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