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Abstract—This paper provides evidence that, as a result of
constant-field scaling, the peak fr (approx. 0.3 mA/um), peak
fumax (approx. 0.2 mA /pm), and optimum noise figure NF iy
(approx. 0.15 mA / um) current densities of Si and SOI n-channel
MOSFETs are largely unchanged over technology nodes and
foundries. It is demonstrated that the characteristic current
densities also remain invariant for the most common circuit
topologies such as MOSFET cascodes, MOS-SiGe HBT cascodes,
current-mode logic (CML) gates, and nMOS transimpedance
amplifiers (TIAs) with active pMOSFET loads. As a consequence,
it is proposed that constant current-density biasing schemes be ap-
plied to MOSFET analog/mixed-signal/RF and high-speed digital
circuit design. This will alleviate the problem of ever-diminishing
effective gate voltages as CMOS is scaled below 90 nm, and will
reduce the impact of statistical process variation, temperature and
bias current variation on circuit performance. The second half of
the paper illustrates that constant current-density biasing allows
for the porting of SiGe BICMOS cascode operational amplifiers,
low-noise CMOS TIAs, and MOS-CML and BiCMOS-CML
logic gates and output drivers between technology nodes and
foundries, and even from bulk CMOS to SOI processes, with little
or no redesign. Examples are provided of several record-setting
circuits such as: 1) SiGe BiCMOS operational amplifiers with
up to 37-GHz unity gain bandwidth; 2) a 2.5-V SiGe BiCMOS
high-speed logic chip set consisting of 49-GHz retimer, 40-GHz
TIAs, 80-GHz output driver with pre-emphasis and output swing
control; and 3) 1-V 90-nm bulk and SOI CMOS TIAs with over
26-GHz bandwidth, less than 8-dB noise figure and operating at
data rates up to 38.8 Gb/s. Such building blocks are required for
the next generation of low-power 40-80 Gb/s wireline transceivers.

Index Terms—Characteristic current densities, faiax, fr, low-
noise transimpedance amplifiers, MOS-CML, nanoscale CMOS,
noise figure, operational amplifiers, output drivers, SiGe BiCMOS,
SOI, wave-shape control.
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1. INTRODUCTION

HE measured maximum available power gain of single-
T transistor and cascode stages fabricated in state-of-the-art
SiGe BiCMOS and 90-nm CMOS technologies exceeds 8 dB
at 65 GHz [1]. Taking advantage of this outstanding transistor
performance, we have recently demonstrated large levels of in-
tegration at 80 Gb/s in a PRBS generator with 231 —1 pattern
length, implemented in 130-nm SiGe BiCMOS technology and
operating from 3.3-V supply [2]. To date, only SiGe BiCMOS
and III-V circuits have shown adequate performance for 40 Gb/s
fiberoptic applications. However, they either operate from 3.3 V
or higher supplies or/and dissipate significant power. CMOS cir-
cuits hold prospects for lower power but a 40-GHz latch, as
needed in retimed OC768 systems, has so far proven beyond
the reach of even the most advanced SOI and strained-silicon
CMOS technologies [3].

In this work, we revisit CMOS and SiGe BiCMOS high-speed
and low-noise topologies in the context of deep-submicron and
nanoscale technologies and of operation from 2.5 V or lower
supply voltages. The focus is on developing algorithmic design
and scaling methodologies for the key building blocks that limit
dynamic range—i.e., broadband input comparators and output
drivers—and on minimizing the power dissipation of logic gates
while achieving 40-80 Gb/s switching speeds.

A critical piece in realizing this goal is the evidence provided
in the first part of the paper that the characteristic current den-
sities of MOSFETS, corresponding to the peak fr, peak farax,
and minimum noise figure NFy1y, remain invariant over tech-
nology nodes and foundries. This is most likely caused by mo-
bility degradation due to the vertical field [3], [4] and by the con-
stant-field scaling rules [4] being applied consistently by most
foundries following the International Technology Roadmap for
Semiconductors (ITRS) [5].

While these and other authors [6]-[12] have explored the im-
pact of scaling on the peak fr, peak fyiax values, and on the
noise parameters of MOSFETS, it is for the first time that the
scaling of the corresponding current densities is investigated.
The implications on the design, scaling and porting of broad-
band and high-speed mm-wave circuits are discussed.

The paper is organized as follows. In Section II and the Ap-
pendix, simple analytical expressions are used to capture the

0018-9200/$20.00 © 2006 IEEE



DICKSON et al.: INVARIANCE OF CHARACTERISTIC CURRENT DENSITIES IN NANOSCALE MOSFETs

200

SOI 10x0.09x2um
N

4

1x0.25x10um|
| |

10"
Ips/W (MA/um)

()

200

3

]
y i
//‘_Llw\- ”

|
1
]
:
|
PN PN e | 1 1

200

funy (GH2)

10x0.18x2um

ol
0.0

01 02 03 04 05 06
Ips/W (MA/um)

(b)

1831

f; vs. Gate Length in 90-nm Technology Node

140——————
90-nm node, 10x1um fingers

0.4
Vas (V)

0.6

Fig. 3. Measured fr as a function of gate-to-source voltage for bulk n-channel
MOSFET:s fabricated with different drawn gate lengths in the 90-nm node.

Fig. 1. Measured (a) fr and (b) fumax as afunction of drain current per micron
of gate width for n-channel MOSFETs fabricated in different bulk and SOI tech-
nology nodes (0.25 pzm from foundry A, 0.18 pzm from foundry B, and 0.13-zm

and 90-nm nodes from foundry C).

v [ 90-nm noc'ie, 10x1pum Ifingt-zrs

200
20

F 90-nm SO'I, 10x1um fi'ngers

|
Vps =0.7V |

60 T T 120 T T
[ ] r |
L ] 10x0.09x1um
r 10x0.09x2um 1 I
50 - 100 -
40-— ] 80 -
= | | 1] & ¢t
] 10x0;13x2um] (3; L
S 30 4 = 6o -
~+ ] g i |
L 4 - [ 10x0.13x2um
[ 1 |
- o - - -
20_ o | ] 40 I
[ y ]
[ ¥ 10x0.18%4um ] L el
[ | ] L = |
1or | ] 20 °90x0.1 8x4um: 7
[ | ] F | 1
0 L 1 1 W N G L 1 W |
107 107 10" 10° 10° 107 10" 10°
IDS/W (MmA/um) IDst (mA/um)

(@)

(b)

] 150 -
[ **90-nm |
[ *+*130-nm |
1 & [ —180-nm |
I [ 44250-nm
G100 350-nm Padl s
. o [
] 50__ I -
| L ool
| ] |
| |
I = I
0 1 1 A" o= 1 1 Y
10° 107 10" 10° 10° 102 10" 10°
Ips/W (MA/um) Ips/W (MA/m)

(a)

(b)

Fig.2. Measured fr as a function of drain current per micron of gate width for
(a) bulk and (b) SOI n-channel MOSFETs fabricated with different drawn gate
lengths in the 90-nm node.

experimentally observed bias dependence of ¢,,, fr, famax,
and NFyn of Si bulk and SOI MOSFETsS, and to prove that
the characteristic current densities remain invariant over tech-
nology nodes, temperature, circuit topologies and, in a given
technology node, over a wide range of transistor gate length and
threshold voltage values. This is followed in Section III by a the-
oretical and experimental analysis of the scaling of high-speed
current-mode logic (CML) and broadband low-noise amplifier
topologies between technology nodes. Examples of high-speed
CML and I/O circuits implemented in 130-nm SiGe BiCMOS,
130-nm, and 90-nm CMOS and SOI technologies are presented.
These circuits demonstrate that excellent performance can be
realized using the design and scaling techniques described in
Sections II and III.

II. THE INVARIANCE OF MOSFET fr, famax, AND NFyvin
CHARACTERISTIC CURRENT DENSITIES

A. Transistors

We have recently observed that the measured peak fyax and
peak fr current densities of 130-nm Si nMOSFETs, 150-nm
GaAs pHEMTs, and 100-nm InP HEMTs fall in the 0.2 mA /pum

Fig. 4. Measured (a) f7 and (b) fumax as afunction of drain current per micron
of gate width for p-channel MOSFETs fabricated in different technology nodes
(0.18 pm from foundry B, and 0.13-zzm and 90-nm nodes from foundry C).

to 0.3 mA/um range [9], [10]. Intrigued by these results, we
have collected and scrutinized more closely the measured fr
and fyax characteristics for n-channel Si MOSFETS fabricated
in the 250-nn, 180-nm, 130-nm, and 90-nm bulk and SOI tech-
nology nodes by different foundries. These data are summarized
in Fig. 1 for nMOSFETs and confirm the earlier observation. We
have found similar characteristic current densities going back
to another paper of ours on the RF and noise figures of merit
(FOMs) of 0.5-pum bulk CMOS technology [11], as well as in
recently published data on 90-nm bulk CMOS from two other
foundries [6], [12]. It is also interesting to notice that, unlike in
heterojunction bipolar transistors (HBTs) where the peak fyrax
and peak fr current densities coincide [9], [10], in Si, GaAs,
and InP FETs, the peak fyiax current density (Jprvax) 1S sys-
tematically lower, around 0.2 mA /pum, than the peak fr current
density (Jpsr), typically 0.3 mA/um. It became obvious that
such behavior was not the result of mere serendipity and that it
could be harnessed in more robust MOSFET circuit design for a
wide range of high-speed digital, analog, mixed-signal, and RF
applications.

More surprisingly, Fig. 2 illustrates that, in the 90-nm bulk
and SOI CMOS node, these current densities remain constant
for gate lengths varying between 90 nm and 350 nm, while, as
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Fig. 5. Measured fr as a function of drain current per micron of gate width
for different drain—source voltages in a 90-nm nMOSFET.
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Fig. 6. (a) Simulated NFy;n at 10 GHz as a function of drain current per
micron of gate width in nMOSFETsS fabricated in different technology nodes.
(b) Measured NFy;;n as a function of drain current density at different frequen-
cies for a 80 x 1 pm X 130 nm MOSFET in the 130-nm node. The pad and
interconnect have not been de-embedded from the measured noise figure.

shown in Fig. 3, the effective gate voltage at the peak varies
widely. Similar behavior, measured over three different tech-
nology nodes from different foundries, is observed in p-channel
devices for which peak f7, shown in Fig. 4(a), and peak fyax
values, reproduced in Fig. 4(b), and their corresponding cur-
rent densities, are typically 40%—45% of those encountered in
n-channel MOSFETSs. This ratio closely follows that of the Ion
values of p- and n-channel devices [5]. However, J,, ¢ is less
than half the /oy for a particular device. We remind readers that
Ion is an important FOM for conventional CMOS logic [5].

Fig. 5 illustrates that, as long as devices are biased in the
saturation (active) region, the characteristic current densities are
only weakly dependent on the drain—source voltage through the
channel-length modulation effect.

The simulated NFyn of n-channel MOSFETS in several
technology nodes are plotted in Fig. 6(a), along with the
measured NFyn of 130-nm nMOSFETs as a function of
current density at different frequencies in Fig. 6(b). Unlike in
HBTSs, the optimum NFypn occurs at the same current density,
approximately 0.15 mA /um, irrespective of frequency [10] and
of the technology node. The simulated and measured optimum
noise figure current density (Jopr) is in close agreement with
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Fig. 8. Measured fr and NFyx at different frequencies as a function of
drain current per unit gate width for 90-nm n-channel MOSFETs and a 90-nm
n-channel cascode.

measurement data reported by others in the 90-nm node [6], [7],
and is relatively close to the peak- f\ax bias of 0.2 mA/pm.
Additionally, the characteristic current densities remain
largely unchanged over temperature and threshold voltage, as
seen from the 130-nm node nMOS fr plots in Fig. 7. For a
detailed and intuitive analytical explanation of the underlying
device physics responsible for the invariance of the character-
istic current densities, the reader is referred to the Appendix.

B. Topologies

Since both p-channel and n-channel MOSFETs exhibit these
properties, one would expect that circuit topologies realized
with combinations of MOSFETs will behave similarly. Indeed,
this is confirmed by the measured f7 and NFyn characteris-
tics of a 90-nm nMOS cascode, shown in Fig. 8 as functions of
the drain current density. J, s and Jopr remain unchanged
from those of the single transistor. Furthermore, Jopr is
independent of frequency in the cascode stage as well as in a
nMOS TIA stage with active pMOS load (Fig. 9). As indicated
in the TIA schematics of Fig. 9(a), the size of the pMOSFET is
set to ensure that it, too, is biased at its optimum noise current
density.

With proper sizing and biasing of the SiGe HBT, the invari-
ance of J, s and Jyrmax can be extended even to MOS-HBT
cascodes. For example, we recently reported a novel approach
of biasing MOS-HBT cascodes at Jyrvax to maximize the
unity gain bandwidth (UGB) of operational amplifiers and to
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Fig. 9. (a) Schematic and (b) measured minimum noise figure versus drain cur-
rent density for a single-ended 90-nm nMOS TIA at 10, 18, and 26 GHz.

make it robust to process and bias current variation [13]. The
schematic of the opamp half-circuit with cascode pMOS load
is illustrated in Fig. 10(a). Both 5- and 10-mA versions of the
half-circuit test structure [13] were fabricated in a 130-nm SiGe
BiCMOS technology. The unity gain bandwidth—as high as
37 GHz—was measured on-wafer and plotted as a function
of the nMOSFET current density in Fig. 10(b). The UGB of
both versions varies by less than 15% when the bias current
changes from 0.15 mA /pm to 0.35 mA /pum, making the design
extremely robust to bias current and process variation which
plagues analog design in nanoscale technologies. The same
circuit was ported to a 180-nm SiGe BiCMOS technology
with only minor changes [14]. The latter involve the resizing
of the nMOSFET gate width from 20 pm to 25 pm in order
to maintain the same gain and UGB. The current density of
0.2 mA/pm was preserved.

From these discussions and experimental evidence, it can
be inferred that topologies such as the nMOS cascode, the
nMOS-HBT cascode, the nMOS inverter with active pMOS
load and the CMOS inverter can be treated in circuit design
as composite transistors. When transistors are appropriately
ratioed, each of these topologies can be described by its own
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Fig. 10. (a) BICMOS operational-amplifier half-circuit schematic and (b) mea-
sured op-amp unity gain-bandwidth as a function of nMOSFET current density.

fr, fmax, and NFy N, which are usually different from those
of the corresponding nMOSFET. For example, as seen in Fig. §,
the fr of the nMOS cascode is about 40% lower than that of the
transistor, while the fr of the CMOS inverter is approximately
66% of the fr of the nMOSFET [15]. However, Figs. 8, 9, and
10 indicate that the characteristic current densities of all these
topologies are identical to those of the nMOSFET and remain
invariant across technology nodes.

While conventional analog design in deep-submicron tech-
nologies is predicated on biasing at lower effective gate voltages
or current densities to achieve higher DC gain [16], it becomes
apparent that biasing in this region can yield circuits for which
the noise figure and high frequency gain are rapidly changing
with bias current, and which are more susceptible to tempera-
ture and statistical process variations affecting gate length and
threshold voltage. In contrast, by employing constant-current-
density biasing techniques in the peak- f7- or peak- fyrax region,
robust, bias-current-insensitive and process-insensitive analog,
mm-wave, and high-speed designs can be achieved.

III. SCALING OF BROADBAND LOW-NOISE AND HIGH-SPEED
BUILDING BLOCKS

We have provided evidence in Section II for the invariance
of the characteristic current densities of MOSFETs and of
composite MOSFET topologies across technology nodes when
MOSFETs are scaled according to the constant field scaling
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rules. Next, we demonstrate that the invariance of Jopr, Jps7,
and of the MOSFET capacitances per total gate width C,s /W,
Cya/We, and Cq, /W, allows for the scaling of optimally
designed broadband low-noise amplifiers, CML gates and
output drivers from one technology node to the next. This can
be accomplished without adjusting the transistor size or bias
current while improving performance. The application of the
invariance of the Jopt of MOS-MOS and MOS-HBT cascodes
to tuned low-noise amplifiers and low-phase noise oscillators is
discussed elsewhere [15], [17], [18].

A. Low-Noise Broadband Input Stages

As data rates increase and noise is integrated over larger
bandwidths, it becomes critical to minimize internal cir-
cuit noise. Input amplifiers must have high bandwidth, low
noise figure to improve sensitivity, and broadband impedance
matching to avoid intersymbol interference stemming from
signal reflections. Additionally, noise-impedance matching the
input stage to the optimal source impedance zgop [19] will
ensure the lowest possible noise figure. Meeting these goals
simultaneously is not a trivial task, and requires attention to
both device and topology optimization.

NMOSFET or SiGe HBT CML inverters (INV) with on-chip
resistive matching, shown in Fig. 11(a) and (b), respectively,
have been traditionally used as input comparators. Their noise
factor can be expressed as a function of the signal source
impedance Z; and of the transistor noise parameters:

2

2
F(Zy) =1+ 5 +RNZo |Ycor + 7 +GnN Zp.
0

ey
The transistor noise resistance R, noise conductance G, and
correlation admittance Ycor = Gcor + jBcor are func-
tions of the device size and frequency [20]. These noise pa-
rameters can be recast as Ry = R/Wg, Gy = Guw?Wg,
GCOR = GcwWG, and BCOR = Bng, where G, R, Gc,
and B are technology-dependent constants which characterize
the geometry dependence at a given bias current density [20],

[21], and W is the MOSFET gate width. Note that W is re-
placed with [g in the case of an HBT circuit [1]. An optimal
emitter length lgopr or gate width Wgopr can be derived
which minimizes the noise factor in (1) at frequencies up to w:

12 | 1
lEOPT/WGOPT: ;Z_O W (2)

Instead of using an inverter topology as a low-noise amplifier,
shunt-shunt (transimpedance) feedback can be employed when
the optimal source impedance zsop of the transistor is higher
than that of the generator. The noise factor of the TIAs in
Fig. 9(a) and Fig. 11(c) and (d) is determined by considering
the series combination of the feedback resistor Ry and feed-
back inductor Ly as a parallel feedback network across the
transistor amplifier. The expression for the noise factor as a
function of Z, and of the noise parameters of the composite
transistor topology becomes [21]

2

1 11— jwp
F(Zy) =14 RnZy |Y, — 4+ —
(Zo) + RN 4o COR+Z0+RF1+w§
Zy 1
ZoGN + — 3
+0]\(+RF1+W(2) ()

with wg = wLp/Rp. Again, an optimal emitter length or gate
width can be derived at the angular frequency w [21]:

I W 1)1 1 1 1
e/Waopr = o Z_0+R_F1+w§] %—l—Gé—kB?'
“)

Comparing (2) and (4), and knowing that R is typically sev-
eral times larger than Z, it follows that, by using shunt feedback
for noise impedance matching, the size and bias current of the
input transistor will be smaller than in the inverters of Fig. 11(a)
and (b), leading to lower power dissipation and broader band-
width [1].

Equations (2) and (4) point to a straightforward methodology
for designing low-noise inverters or TIAs. First, Jopr is deter-
mined. While Jopr remains approximately 0.15 mA /um for an
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TABLE 1
DESIGN PARAMETERS FOR NMOS AND CMOS TIAS IN 130-nm, 90-nm, AND 65-nm TECHNOLOGIES
130nm CMOS 90nm CMOS 90nm nMOS 65nm CMOS 65nm nMOS
W (um) 30 um 30 um 80 um 30 um 80 um
Ry (Ohm) 200 200 200 200 200
Ips(TTA) 6 mA 6 mA 16 mA 6 mA 16 mA
f34p (sim) 15.7 GHz 30.6 GHz 29.6 GHz 57.8 GHz 49. 4 GHz
Gain (sim) 9 dB @10GHz 8.4 dB 7.5dB 8.9dB 7.5dB
Vpp (V) 14V 12V 1.0V 12V 1V
i | — cm'I)s 65 I ] Yop (V)
ofF “ — CMOS gonm e 80x2um 80x2um 50 500
8 ' *—e CMOS 130nm 2x2um
NeéF 200pH
5 ! 200p OUIN OUTP
g 7F 1kQ
P4 Iyias 200pH
3 6f
™
H
51 00p 80x1um
4 T R R R Y
Total Finger Width (um) [, oxtum -
Fig. 12. Scaling of CMOS TIA from 130-nm to the 90-nm and 65-nm nodes. W N
180Q 500pH 500pH 1809 INN
80x1um
200pH

nMOSFET irrespective of frequency as discussed in Section II,
it becomes a function of frequency in SiGe HBTs and should
be selected at the desired 3-dB bandwidth of the amplifier w
[1], [21]. Technology constants R, GG, G¢, and B can then be
found for this bias point. Next, transistor Q1 or M1 is biased
at Jopr and sized using (2) or (4). Finally, concomitant noise
and impedance matching can be achieved through loop gain op-
timization in the TIA, as described in [1], or by using a 50-(2
resistor at the input, in the case of the inverter.

Simulation results exploring the sizing and scaling of nMOS
and CMOS TIA designs in three technology nodes are summa-
rized in Table I and illustrated in Fig. 12. In all cases, a cur-
rent density of 0.2 mA /pm was employed, corresponding to the
peak fyiax bias and close to the optimal noise bias. More inter-
estingly, since Jyrvax, JopT and transistor capacitances per
unit gate width are invariant across technology nodes, the square
root term in (2) and (4), which depends solely on current den-
sity, also remains invariant across technology nodes. Therefore,
the size and bias current of MOSFETs in the TIAs are practi-
cally constant from one technology node to the next while the
noise figure and bandwidth are improved as designs are scaled.

From Table I, it becomes apparent that, if the fr is adequate
for the application, the CMOS inverter will require approxi-
mately 1/3 the size and bias current of an nMOSFET fabricated
in the same technology node to achieve a certain noise resis-
tance and optimal noise impedance while only a relatively small
degradation in noise figure is incurred. This surprisingly little-
known property of the CMOS inverter can significantly reduce
the power dissipation of tuned [22] and broadband low-noise
amplifiers.

To verify these findings, differential and single-ended
versions of the low-noise broadband amplifier topologies pre-
sented in Fig. 9(a) and Fig. 11 were fabricated in 130-nm SiGe

(b)

Fig. 13. (a) Schematic and (b) layout of differential 90-nm nMOS TIA.

BiCMOS [29], 90-nm bulk and SOI CMOS technologies. Note
that all circuits include a 50-{2 output driver. In each case, the
TIA stage is biased close to Jopr. Fig. 13 shows the schematics
and die photograph of the 90-nm bulk CMOS differential TIA.
The single-ended S-parameters were measured on wafer and
are reproduced in Fig. 14. The bandwidth is larger than 26 GHz
and both S1; and So5 are better than — 10 dB up to 30 GHz. The
differential gain varies between 13 and 14 dB for Vpp values
from 1 to 1.2 V. The measured single-ended eye diagrams at
25 Gb/s and 38.8 Gb/s are shown in Fig. 15 for 100 mV,,,
single-ended inputs.

The 50-£2 noise figures for all nMOS, SOI and SiGe HBT am-
plifiers were measured up to 20 GHz, and are reported in Fig. 16.
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Fig. 14. Measured gain, input and output matching versus frequency for dif-
ferential 90-nm nMOS TIA.
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Fig. 15. 90-nm differential nMOS TIA 25 Gb/s and 38.8 Gb/s single-ended
output eye diagrams with 100 mV,;, single-ended input.

All noise measurements are in single-ended mode with the un-
used input terminated in 50 €2. The 90-nm nMOS and SiGe dif-
ferential TTAs exhibit the lowest noise among the differential
designs, both less than 10 dB at 10 GHz, with a slight advan-
tage for the nMOS version. Fig. 16 also collects the noise fig-
ures of single-ended 90-nm bulk and SOI TIAs. As expected,
their noise figures are 2-3 dB lower than those of the differen-
tial versions. Even though pMOSFETSs are employed as active
loads, these represent the highest bandwidth and lowest noise
transimpedance amplifiers reported in CMOS [23]. When oper-
ated with only 6 mW power dissipation at 15 Gb/s, the 90-nm
nMOS SOI TIA achieves a record 0.33 mW/Gbs [23].

When comparing the SiGe TIA and the SiGe inverter per-
formance, simulations show and measurements confirm that the
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Fig. 16. Measured 50-€2 noise figures for various SiGe and nMOS differential
and single-ended (SE) broadband input stages.
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Fig. 17. 40-Gb/s 20-mV input (top) and corresponding output (bottom) eye
diagrams for SiGe HBT (a) EF-INV and (b) TIA low noise input amplifiers.
Output eye diagram () factors are 5.8 and 7, respectively.

TIA has significantly better bandwidth (40 GHz compared to
11 GHz) and broadband input matching. Their noise figures are
comparable below 15 GHz. To improve bandwidth, emitter-fol-
lowers (EF) can be added to the input of a low-noise inverter, but
at the expense of higher noise as seen in Fig. 16. The lower noise
figure of the TIA results in higher sensitivity than that of the
EF-INV even though the latter has larger gain. As demonstrated
in Fig. 17(a), the EF-INV output eye diagram has a @ factor
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of 5.8 for a 20-mVpp single-ended input (10-mVpp per side).
The SiGe HBT TIA eye diagram of Fig. 17(b) has a () factor
of 7 for the same input amplitude while consuming 50 mW, 20
mW less than the EF-INV stage. These results prove the direct
link between noise figure and sensitivity and the importance of
low-noise design in wireline applications. We also note that, be-
cause of the larger bandwidth, the SiGe HBT TIA operates with
higher sensitivity at higher data rates than the 90-nm nMOS and
SOI TIAs.

B. Current-Mode Logic and Output Drivers

The open-circuit time constant (OCTC) of a chain of differ-
ential MOS-CML inverters and MOS-HBT (BiCMOS) cascode
inverters [24] with a fanout of k£ can provide a useful metric for
the ultimate digital speed of CMOS and SiGe BiCMOS tech-
nologies.

TMOSCML
:A—V|:Ogd+0db+<k+ &> [Cgs+(1+ngL)ng]:| (5)
Ir Ry,
TBICMOSCMIL
zﬂ[qﬁcﬂs + <k+ &><Ogs +ng)} ®)
Ir Rp
where I is the tail current, Ry, is the load resistance, and AV is
the logic swing. In (6) we have accounted for the fact that the g,,
of the HBT is at least 10 times larger than that of the MOSFET
at the same bias current. In HBT CML/ECL gates, the logic
swing is typically set between 200 and 300 mV,,,, independent
of the technology node [25]. In MOS-CML or BiCMOS-CML,
the minimum swing AV N is determined from the condition
that the MOS differential pair be fully switched:

Ir

AVMiN = 2 |:VGS(IT) - Vas <—>} . @)

2

Fig. 18(a) illustrates the measured fanout-of-1 delay as a
function of the tail current density for MOS-CML inverters
fabricated in the bulk 180-nm, 130-nm, and 90-nm nodes
and for 90-nm SOI CMOS. For comparison, the delay of
BiCMOS-CML cascode inverters is shown in Fig. 18(b). The
delays were obtained by applying (5) and (6) to the measured
small-signal parameters of nMOSFETs and SiGe HBTs biased
at It /2. Vas(IT) and Vs (I1/2) used in (7) were determined
from the measured DC characteristics. The SiGe HBTs used
in the 180-nm, 130-nm and 90-nm nodes have similar perfor-
mance, with an fr of 160 GHz. While the 180-nm and 130-nm
SiGe BiCMOS technologies are real, the 90-nm one is just a
hypothetical process. All CMOS and BiCMOS inverters were
designed to have a gain of 1.5 which ensures operation in a ring
oscillator chain. Therefore, AV = 1.5* AVun.

These results show that, in all CML gates, the tail current den-
sity corresponding to minimum gate delay is approximately 0.3
mA /pm, closely tracking the peak fr current density. Further-
more, the delay changes by less than 10% when the tail current
varies between 0.15 mA/pm and 0.5 mA/pm. The results in
Fig. 18 and the discussion in Section II provide a rigorous

1837

T (ps)

1
10° 10" 10
1,/W (MA/yum)

1/W (mA/ym)
@ ®)

Fig. 18. (a) MOS-CML and (b) SiGe BiCMOS-CML fanout-of-1 delays as a
function of tail current density for the 180-nm, 130-nm, and 90-nm nodes. The
same (.18 pm x 2 pm SiGe HBT with 160 GHz f has been used in all nodes.
The data were obtained by applying equations (5) and (6) to the DC and small-
signal parameters of transistors extracted from S parameters measurements up
to 65 GHz.

basis for the optimal sizing of MOSFETs and HBTs in
(Bi)CMOS-CML gates [24], [25]

It It Iy
J 15yt

We = ®

= A
e 0.3mA/um’ £

where the W¢; is the total gate width and A is the emitter area.

If the MOSFET is sized according to (8), this corresponds
to \/§VEFF < AVumin < 2Vgpr where Vgpp is the ef-
fective gate voltage of each transistor in the diff pair at
Ir/2 = 0.15 mA/pm. Both Vgpg at 0.15 mA/pum and AVyn
decrease by approximately y/2 with each new technology node.
The measured AVyn corresponding to the minimum delay
bias is approximately 600 mV, 400 mV, and 320 mV in the
180-nm, 130-nm, and 90-nm nodes, respectively. Since the
optimal-delay current density remains constant, it becomes
possible to port designs from one technology node to the next,
using the same tail current and device size while obtaining better
performance due to the reduction in AV, as shown in Fig. 18.
From another perspective, to achieve the same switching speed,
the tail current can be reduced by /2 as technology scales,
which, when combined with the lower supply voltage, allows
for the power dissipation to be halved. We note from Fig. 18
that by adding the SiGe HBT option to a CMOS technology,
the speed of CML gates is almost doubled, arguably a more
economical solution than advancing one or two nodes along
Moore’s law.

Further power savings can be realized in both CMOS
and BiCMOS circuits through the use of inductive peaking.
Assuming that the output time constant in a CML gate domi-
nates the overall bandwidth, the latter can be estimated as

1 Ir

BWsap = = .
3dB 2’/TRLCL QWCLAV

&)
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Shunt inductive peaking can improve bandwidth by up to 60%
with constant group delay [26]:

(10)

CLR: Cp <AV)2
Lpyax = = —

31 31\ Ip

If Lpaax is the maximum inductance that can be realized in
a particular backend with adequate self resonance frequency
(SRF) for the intended data rate, the minimum tail current
I7 vin to meet the bandwidth requirements is

/ CL
I =AV{|—————.
T MIN 3.1 Lpnax

This reduction in power consumption can be realized without
significant increase in die area by making use of stacked (or
3-D) inductors. As the number of metal layers continues to in-
crease in modern backends, larger inductances can be imple-
mented in a small area. Furthermore, as the inductor footprint
over the substrate is reduced, the self-resonant frequency is im-
proved making this technique effective even at very high data
rates [2], [27]. Note that shunt-series peaking occurs almost by
default due to the inductance of interconnect between stages.
Hence, an even larger improvement in bandwidth is regularly
obtained [2] without the need for area-intensive t-coils [28].
Equations (9)—(11) provide the underlying reasons why, for a
given backend characterized by a fixed L*SRF product, using
bipolar devices with lower logic swing and output capacitance
will result in smaller tail currents and lower power dissipation
despite the higher supply voltage requirements.

An advantage of deep-submicron and nanoscale MOSFETSs
biased in the saturation region is that the device capacitances,
gm, f1, and fyax vary little with respect to bias current or
gate—source voltage once the effective gate voltage exceeds
250 mV. In addition, as we saw in Fig. 18, for tail current
densities in the 0.15 mA/pm to 0.5 mA/um range, the CML
gate delay remains practically constant. This allows for the
elegant implementation of output swing control in high-speed
I/O drivers, without requiring source degeneration and without
compromising bandwidth and the quality of the eye diagram.

To validate the scaling of CML gates and output stages, a
30-Gb/s backplane driver with controllable pre-emphasis [30]
was designed and fabricated in a 130-nm SiGe BiCMOS tech-
nology [29] using only nMOSFETs and no SiGe HBT. MOS-
FETs in switching differential pairs were sized according to
(8) and multi-metal 3-D inductors were employed for shunt-
peaking bandwidth extension. Operation at 20 Gb/s with pre-
emphasis, and up to 30 Gb/s with 2 x 300 mV,_, swing was
measured [30]. The circuit consumes 150 mW from a 1.5-V
supply and marks the fastest driver with waveshape control re-
ported to date in CMOS. For comparison, we note that 37.5 Gb/s
operation was recently announced for a 130-nm CMOS trans-
mitter by another group [28]. To reach this speed the authors
employed series-shunt peaking, while waveshape and pre-em-
phasis control (which slows down the output node) was not
included. The MOS-CML gates were biased at 0.15 mA/um

an
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Fig. 19. (a) Schematic and (b) layout of broadband 49-Gb/s retimer.

and the internal voltage swing was set to 500 mV,, [28-slide
set]. According to Fig. 18(a), this bias condition will result in at
most 10% degradation in delay. The latter is compensated by se-
ries-shunt peaking (1.4 times more bandwidth than simple shunt
peaking) and by the lower output swing of 2 x 260 mVpp.

Another experiment was conducted to verify the performance
improvement that can be realized in a given technology node
by the addition of a SiGe HBT option to a CMOS technology.
A new 2.5-V, 49-Gb/s SiGe BiCMOS broadband retimer was
designed and fabricated in the same 130-nm SiGe BiCMOS
process as the 30-Gb/s CMOS driver. As shown in Fig. 19, the
retimer employs the SiGe-HBT TIA discussed earlier, a SiGe
BiCMOS flip-flop, a MOS-HBT output driver with series-shunt
peaking and 5.5-ps rise time, and a 2.5-V broadband clock path
consisting of three EF-INV stages that can be driven with a
single-ended clock signal at frequencies up to 49 GHz. Eye dia-
grams at 12, 45, and 49 Gb/s with variable output swing between
2 x 300 mVpp, and 2 x 600 mV,;, are reproduced in Fig. 20
and Fig. 21. This is 2% faster than the CMOS flip-flop in [28],
and the fastest retimer and flip-flop operating in silicon at power
supplies below 3.3 V. It proves that CML gate speed is doubled
with respect to a CMOS-only circuit fabricated in the same node
[28], [30], as predicted in Fig. 18.



DICKSON et al.: INVARIANCE OF CHARACTERISTIC CURRENT DENSITIES IN NANOSCALE MOSFETs

file Control Setp Measre Calbrate Ulies Help 05.4an 2005 18-

H i!?ml’lld?mmw 'M &mmwm' ' VLM '
@

*;‘ Elle Control  Setup Measure Calbrate  Utiities  Help

MskTsst"l B

mw

1 Precision Timebase. . cale:99.1 mv/di Scale: 100 mv/div
) Reference: 11.25000 GHz fset.-2.0 m! et-253.5 my.

Time: mm l Tﬁggfr.me!: l

Fig. 20. (a) 10 Gb/s and (b) 45 Gb/s input (top) and 2 x 280 mVpp output
(bottom) after retiming.

Finally, an 80-GHz, 2.5-V BiCMOS output driver with pre-
emphasis is presented in Fig. 22. The circuit was fabricated in
the same 130-nm SiGe BiCMOS technology with 150-GHz fr
SiGe HBT [29], and consumes 200 mW. The output stage con-
sists of a series-shunt inductively-peaked BiCMOS cascode in-
verter. The measured differential gain So;, shown in Fig. 23,
increases linearly by 7 dB from 10 GHz to 65 GHz, peaking
above 10 dB in the 65- to 75-GHz range. More than 10 dB of
gain control is realized as the tail current in the output stage is
varied between 0.15 mA/pm and 0.5 mA/um, with no notice-
able change in bandwidth and degree of peaking. Moreover, be-
cause the output impedance of the MOS-HBT differential pair
does not vary with bias current, the output return loss remains
relatively constant and is lower than —10 dB up to 94 GHz as
the tail current is adjusted, as also seen in Fig. 23. To the best of
the authors’ knowledge, this is the highest bandwidth broadband
output driver and the fastest digital circuit using bulk MOSFETSs
on the high-speed path. Because it employs only lumped induc-
tors smaller than 20 pm per side, the circuit occupies a die area
smaller than 200 pgm x200 pm.

IV. CONCLUSION

Experimental data have proved that the peak fr, peak fyiax,
and optimum NFyrn current densities are largely invariant
over foundries, technology nodes, and basic circuit topologies,
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Fig. 21.

while the corresponding effective gate bias varies widely.
Moreover, in the 90-nm bulk and SOI nodes, these current den-
sities remain unchanged for gate lengths spanning the 90-nm to
350-nm range, covering virtually all analog and mixed signal
applications. It was proposed, based on a simple analytical
model, that this behavior is a direct result of carrier mobility
degradation due to the large vertical electric field at the Si/SiO»
interface in the MOSFET inversion layer. The electric field
profile has so far been preserved across technology nodes due
to the constant-field scaling rules being applied rather rigor-
ously by all foundries following the ITRS. The exact values
of the peak fyrax, NFyin, and peak fr current densities are
determined by the interplay between the bias dependence of
transconductance (dominated by mobility degradation due to
the vertical field), output conductance, and gate—source and
gate—drain capacitance per micron of gate width. Therefore,
it is recommended that constant-current-density biasing be
employed to design robust analog, mixed-signal, RF, and
high-speed CMOS circuits that are less sensitive to process,
temperature, and bias current variations, and which can be
easily scaled from one technology node to another.
Algorithmic design and scaling methodologies, based on the
invariance of the characteristic current densities in deep-submi-
cron and nanoscale MOSFETs, were developed for the main
circuit building blocks of a wireline transceiver. Remarkably,
CMOS low-noise amplifiers, CML gates and output drivers have
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Fig. 22. (a) Schematic and (b) layout of 80-GHz BiCMOS output driver with
pre-emphasis and output swing control.

been shown to scale almost unchanged in terms of transistor
size and bias current from 130-nm to 90-nm nodes while their
noise, bandwidth and delay are improved. The first noise and
input impedance-matched 90-nm CMOS single-ended and dif-
ferential TIAs with over 26-GHz bandwidth and less than 8-dB
noise figure were demonstrated. Eye diagrams were measured
at data rates up to 38.8 Gb/s with 1-V supply. The algorithmic
design methodology was also verified on MOS-HBT cascode
operational amplifiers with up to 37-GHz unity gain bandwidth,
40-GHz SiGe HBT broadband low-noise amplifiers, a 49-Gb/s
retimer and on an 80-GHz output driver with pre-emphasis fab-
ricated in SiGe BiCMOS technology and operating from 2.5-V
supply. As predicted by simple MOS-CML and BiCMOS-CML
delay equations, the addition of a SiGe HBT option to a CMOS
technology was experimentally verified to double the CML gate
switching speed.

APPENDIX

Velocity Saturation or Mobility Degradation?

A well-known result of the constant-field scaling rules is that
the channel inversion charge Q; /W = Cox (Vgs — Vir), gate
capacitance Cox Lumin, and drain current per micron of total
gate width, in either long-channel Ips/W = p, E Q;/W orin
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Fig. 24. Measured t,, versus Vs (extracted from the linear region of the I p —
Vs characteristics) and f; versus Vg s characteristics at Vs = 0.1 V fora
90-nm node nMOSFET with 350-nm gate length.

saturated velocity regime Ips/W = vpsat @i/ W, remain con-
stant [4]. L, represents the minimum gate length in a partic-
ular technology node. Furthermore, the shape of the mobility
versus lateral and vertical electric field characteristics, and the
saturation velocity, are universal material properties [3], [4]. It
then follows that, if the two-dimensional electric field profile
is preserved over technology nodes by foundries rigorously ap-
plying the ITRS [5] constant-field scaling guidelines, inversion
charge, gate capacitance and drain current per micron of gate
width will remain constant over technology nodes even in de-
vices that exhibit significant mobility degradation and only a
low degree of velocity saturation. The latter situation more ac-
curately depicts deep-submicron MOSFETs.

The universal surface mobility curve for electrons in silicon
can be expressed as [4]

/Lac/J/sr

(AD)
I’LB,C + I’LSI‘

n(Vas) =

where fioc[cm2/Vs] ~ 330 E/*MV/em] pig[em?/Vs] ~

1450 E7"[MV /cm] and E.g is the effective vertical field. For
devices fabricated in the 180-nm, 130-nm and 90-nm nodes,
E.g falls in the 1-2 MV/cm range where the surface scattering-
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Fig. 25. Measured DC transfer characteristics of a 10 X 1 gm 90-nm nMOSFET.

limited mobility term p4, dominates over the acoustic-phonon-
limited mobility p,. [3] and leads to a rapid reduction in elec-
tron mobility as the gate voltage increases. Recent experimental
data presented in the literature [3] indicate that the electron mo-
bility in strained silicon channels, notwithstanding larger overall
values, has the same dependence on the vertical field, with the
onset of surface scattering occurring in the 1-2 MV/cm range.

A typical pu,, (Vg s) curve, measured on n-FETs with 350-nm
gate length using a technique based on the /-V characteristics at
low Vpgs as in [3], is reproduced in Fig. 24. This device is fab-
ricated in the 90-nm node. Above Vgzg = 0.55 V, electron mo-
bility linearly decreases with increasing gate voltage. An iden-
tical shape is measured for the fr versus Vg characteristics at
low Vps, also shown in Fig. 24 on the left-side Y axis.

A closed-form expression for drain current that lumps to-
gether the vertical and lateral field dependence of mobility is
present in all advanced MOSFET models [31], [32]. However,
this has made it rather difficult in the past to actually pinpoint
which effect is dominant. In deep-submicron MOSFETs mo-
bility degradation due to the applied vertical field dominates
[7]. The vertical field is typically one order of magnitude larger
than the lateral electric field. In addition, the critical lateral field
Ec = wvsat/pn for velocity saturation is not constant. It in-
creases as the carrier mobility u, degrades [4]. This phenom-
enon helps to delay the onset of velocity saturation in deep-sub-
micron MOSFETs to ever larger lateral electric fields and larger
Vps as the gate voltage increases.

Analytical Derivation of Characteristic Current Density
Scaling

It is helpful to capture the experimental trends described ear-
lier in simple analytical equations that can provide insight for
circuit design. The Ips — Vigs characteristics of very deep-sub-
micron MOSFETSs biased in saturation exhibit two distinct re-
gions, as shown in Fig. 25. At low Vg the well-known, long-

channel square law applies with p,,(Vgs) remaining relatively
constant with Vgg:

1n(Vas)Cox W

= %T(VGS — Vr)2(1+ A\Vps).

At larger gate voltage, the characteristics become linear, as

a result of mobility degradation. In the saturation region, the

transconductance expression can be obtained by differentiating
(A2) with respect to Vgs:

Ip (A2)

w
Gm R COXf(VGs—VT)(l-i-)\VDS)

[ dux(Vas)

2 (Ve
x| pa(Vas)+ s

(Vas— VT)] (A3)

OGm W
~Cox—(1+ V]
Vo ox L( +AVbs)

dux(Vas)
IVas
?un(Vas) 2
————"(Vgs — V; . (A4
Ve, (Vas = Vr) (Ad)
Equation (A4) indicates that, if the second derivative of mo-

bility is neglected (a reasonable approximation), g,, reaches its
peak when

X Nn(VGS)+2

(Vas—Vr)

+1/2

—pn(Vas)
23MN(VGS) '

VGS — VT ~ (AS)

Since the effective vertical field is a linear function of Vgg

(4]

Vr+0.2 Vas — Vr
FEog = . A6
T T3tox 6tox (A6)
Equation (A5) can be recast as a function of E.g:
_ ~ _/l/n(Eeﬁ')
Vas — Vi = Vefpeakgm = 3tox Drix (Bert) (AT)

aEeﬁ'
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Fig. 26. Measured dependence of the small-signal transconductance, gate—drain and gate—source capacitances per unit gate width, and cutoff frequency as a

function of the gate—source voltage in 90-nm nMOSFETs at Vs = 0.7 V.

With the knowledge that the universal u,(Feg) curve is a
material property [3], [4], it follows that, at least in a first-order
analysis, the effective gate voltage V.gpeakgm at which g,
reaches its peak value scales linearly with the gate oxide thick-
ness, exactly as one would expect from constant field scaling
rules. Substituting this effective gate voltage in the drain—cur-
rent expression (A2) indicates that the drain current density
Ips/W at which peak g, occurs is proportional to tux/Lmin
and should remain constant over technology nodes if strict
constant field scaling rules are applied. Beyond Vegpeakgm.
the transconductance is practically constant, although some
interface scattering-induced degradation does occur. Therefore,
as recently proposed in [16], the transconductance character-
istics in the saturation regime can be divided into a region of
linear dependence with Vs (where intrinsic device voltage
gain is relatively high as desired for opamp design) and one
where g, is flat. The simple g,,, — Vigs characteristics can then
be integrated with respect to Vizg to obtain a very accurate
estimate of the Ips — Vg characteristics for deep-submicron
MOSFETs [16].

The main FOMs for RF applications, fr, fyax, and min-
imum noise factor Fyn can be expressed as functions of series
resistances Rs, R4, R4, channel resistance R; Cys, gas, and
gm [33]. While exact analytical expressions of fr, fyax and
Fyiin as functions of all parameters of the small signal equiv-
alent circuit are possible, they become too complex to interpret
easily and are beyond our stated goal of providing an intuitive
understanding of the observed experimental behavior. In order
to make the analysis more tractable, the substrate network has
been left out, resulting in the following expressions for fr and
fmax [34], [35]:

1 (Cgs + Cga)

= Rs + Rq)C
o Iy . + (Rs + Ra)Cya

+(Cys + Ca)(Rs + Rq) 2%

Im
fr
2\/(Ry + Rs + Ri)(gas + 27 frCya)

(A8)

fuvax = (A9)

By differentiating (A8) with respect to the drain current per
micron of gate width I}, 4, and imposing the condition for the
derivative to be equal to zero, one can find an expression for
the peak fr current density and link it to the peak g,, current
density:

afr 1 Ogm ( 1 >
= — | —+R;+R
aIbS 2”(098 + Ogd) albs 9m d

w1200 _ f7 9y,
T / !
0Ipg  gm Olpg

OGm

=0 when 31})5 > 0.

(A10)

Since, as illustrated in Fig. 26, Cyq and Cy, are monotoni-
cally increasing functions of I ’D s> fr reaches its peak as a func-
tion of current density before g,,, does.

The boundary between the two regions of the I-V or g,,—V
characteristics corresponds roughly to the Vg at which fyrax
reaches its peak value. Note that fy;ax depends on g4s which
increases with gate voltage and drain current. Once again, by
taking the derivative of fyrax with respect to the drain current
density, one can prove that peak fyrax occurs at a lower gate
voltage and current density than peak fr:

afMAx: 1

ps  2\/(Ry+Re+Ri)(gas+2m frCya)

«| I _ Jr %is | _o i 90T o (At
oIps Gas+27 frCyq 0 ps oIps

The minimum noise factor Fyy is given by [19]

Fuin~ 1+ 2k1fi\/gm(Rg + Rg) + ko (1 + wZRLZC‘gQ)

’ (A12)
where technology constants k; and ks depend on the parameters
v, 3, and ¢ that describe the drain and gate noise current sources
of the FET [19], [31]. When differentiating (A12) with respect
to the drain current density, and accounting for the fact that for
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frequencies lower than f7 the frequency dependent term is neg-
ligible, one obtains

OFwix _ kiy/(By + Bo)gmf [ 1 Ogm 1 Ofr | _ 0
aIbS .fT 2Qm aI’DS .fT aIbS
it 2T g ana 2 _ Jr 99m (A13)
0l 0lps  29m 0lpg

which indicates that Jopr is lower than .Jp, ¢7, and that it is fre-
quency independent, in good agreement with the experimental
data presented in Figs. 6, 8, and 9.

Finally, it should be noted that the effective gate voltage and
the characteristic current densities at which peak fr, farax, and
the optimum Fjyin occur depend on the scaling of the equivalent
oxide thickness (EOT) and on the constant-field scaling rules
being applied. If a switch is made to constant-voltage scaling,
the characteristic current densities are expected to increase in
future nodes.
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