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~ Abstract—A toggle operation of 39-63.5 GHz without tun- and using source-coupled FET logic (SCFL) gates [12], we
ing has been achieved by a digital dynamic frequency divider have been able to make a 40.4-GHz static frequency divider

(DFD). The DFD employs a pair of clocked inverters (CI's) } ; ] .
with source-coupled FET logic (SCFL) and uses 0.lim-gate (SFD) [13], 46-Gb/s multiplexer [14], and 40-Gb/s demulti

INAIAS/InGaAs/InP high electron-mobility transistors (HEMT’s) ~ Plexer [14] for optical transmission systems. However, for
of good uniformity and high performance. On a 2-in wafer, the emerging frequency-division applications at frequencies far
frequency divider showed a maximum toggle frequencyfioe, max) above 40 GHz, dynamic frequency dividers (DFD’s) are the
of 59.1£3.3 GHz and a fabrication yield of 89%. This is the o)y demonstrated devices. Two types of analog DFD’s have

highest operation frequency ever reported for a broad-band ) .
digital frequency divider. Comparison of the DFD and the static recently been reported: a 57-64-GHz regenerative DFD IC

frequency divider (SFD) showed that the ratio of fiq. max for the —Using GaAs-based HEMT’s [15] and a 75-GHz DFD IC
DFD to that for the SFD is much higher than the value expected with an injection-locked push—pull oscillator using InP-based
from the linear-response theory. The comparison also showed that HEMT’s [16]. These types of DFD’s are advantageous in

the ratio of the measuredfiog max for the DFD to that for the SFD : . . : ;
is 1.7, in contrast with the value of two expected from the circuit ultrafast operation, but their locking range for a fixed bias

simulation. Delay-time analysis revealed that this 15% decrease .Condition is intrinsically narrow and they need to be tuned
of the ratio is due to the transmission delay of interconnections if they are to operate over a broad frequency range [16]. In

and charging time for stray capacitance. contrast, digital DFD’s not only operate at high speeds, but
Index Terms—Frequency conversion, digital integrated cir- alSo have a broad-band operation range without tuning. There
cuits, indium compounds, MODFET integrated circuits. have, for example, been reports on a 28-51-GHz DFD IC with

dual-ring oscillators gated by transfer gates using GaAs-based
HEMT's [17] and on a 25-50-GHz DFD IC with a dynamic
. - ~ toggle flip—flop (DTFF) composed of two clocked inverters
THE InAlAs/InGaAs/InPhigh electron-mobility transis-c|g) ysing GaAs-based heterojunction bipolar transistors

tors (HEMT's) have demonstrated excellent ultrahigfh_lBT.S) [18]. We adopted the latter type of digital DFD's

frequency [1], [2] and low-noise [3] performance and havge ase the basic gate of this type of frequency divider is

been used in various monolithic microwave integrated circul&s‘e same as the one for digital circuits such as the dynamic

(MMIC’s) for the millimeter-wave band, such as Iow—n0|seD fli . o

o . , . p—flop (D-FF) [19]. This type of frequency divider can,
amplifiers [4], [5], high-power amplifiers [6], traveling-wavey, . o also be considered a benchmark for the operation
amplifiers [7], mixers [8], and oscillators [9]. They have als '

?requency of ultrahigh-speed digital IC’s in dynamic operation.

been used in the integration of these kinds of millimeter- In this paper. we describe the desian and performance
wave circuits [10]. Although they have been used in a few, baper, 9 P

digital integrated circuits (IC’s) (i.e., 26.7-GHz frequencof a digital DFD with a pair of SCFL Cl's using In-

y il 1 H
divider [11]), there have been few such applications beca %‘l(éA‘Z/mGaAtS./InP ';Eﬂ':”s' 'Ic'jhe .a;dvarltagedo:]'cr!s mfbroad-
of the difficulty of attaining the larger scale integration whic and operation and the good unitormity and high pertormance

is more common in digital IC’s than in MMIC’s. Using of the .HEMT’s give this frequency di.vider 63.5-F3Hz tolggle
an electron beam (EB)/photo hybrid T-shaped-gate proc&%erat'on and a 24.5-GHz operation bandwidth without

and an InP recess-etch stopper in these types of HEMFNG: Th.IS f.requency. divider demonstrates the feas.ll.)mty
of digital circuits operating at more than 60 GHz. In addition,
comparison of this DFD with the SFD using a static toggle
Manuscript received May 30, 1997; revised May 31, 1998. flip—flop (STFF) composed of a pair of D-latches shows that
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Fig. 1. Circuit diagram of the SCFL DFD using a DTFF composed of two CI's.

T e s where Ctgs is thg gate—sourge capacita\'ncé’gd is the

5} [ T L gate—drain capacitancey,, m.x IS the maximum transcon-

= -~ 1 = ductanceg,,) is the average transconductance, ani$ the

S 00l S 1, B number of load transistors for the current switch and source-
g r AN D,.TFF 1 % follower circuit (n is one for the DTFF and two for the STFF).

%} -/ STFF Ve £ The r¢1 can be regarded here as the time constant of discharge
g 50 71\7—V\ N T 405 for a Cl when the Cl is initially charged to some signal level.

€ ! J’ g Since the Cl does not have a latching function, it has to hold

£ I Vo=ra V ] ©O some signal level with a time constant of; in order to

s TS transfer the level to the other CI before the level vanishes by

discharge. The DTFF, therefore, has some minimum value of

Ry, for toggle operation, whereas the STFF with a latching

Fig. 2. Calculated dependence of the maximum toggle frequency and ﬁfp - A - ; ;
output amplitude of the DTFF and the STFF on the load resistance. The outpu ction does not have such a limitation. This discharging

amplitude is calculated at 120 GHz for the DTFF and 55 GHz for the STFRI€Chanism is considered to be the reason the DTFF needs
a large Ry,
II. DESIGN For a short-gate-length HEMT, such as the one used in this

As shown in Fig. 1, the SCFL DFD consists of an inpuR@Per, the typical values of thg,., Cgd, gm, max, and{g,,) are
buffer converting a single-ended input signal to a differenti& 7 PF/mm, 0.3 pF/mm, 1 S/mm, and 0.75 S/mm, respectively.
signal, DTFF composed of two CI's, and an output buffdfOr the Bz used in the design and using (1), ther and
driving 502 lines. Fig. 2 shows the calculated dependenciésr Were calculated to be 4.4 and 3.7 ps, respectively. This
(by circuit simulation) of the maximum toggle frequency@rger7cr than7py, is an example of the largee; due to the
(fiog max) and the output amplitudeV(,;) on the load re- larger Ry, in a CI than that in a D-latch originated from the
sistance iz) of the DTFF. The corresponding dependenciégvel-holding mechanism described above. Using the relation
are also shown for the STFF using two D-latches [13]. THexpressed as [19]
dependence Ofios max ON Ky, is weak for both circuits and £, _ 1 2)
the ratio of fiog max for the DTFF to that for the STFF is cEmEET 27
about two. Because of the weak dependencegf max On  the ratio of fiog max for the DTFF to that for the STFF is cal-

R, the design focused on stable operation (i.e., large outputated to be 0.8. In contrast, the corresponding ratio obtained
amplitude) rather than high-speed operation: the desidhyed by circuit simulation is two (see Fig. 2). The discrepancy
values for the DTFF and the STFF were 6.5 and Z2%nm, between these ratios suggests some speed-up mechanism of the
respectively. DTFF which is not accounted for by linear-response theory.

The minimum R, for toggle operation for the DTFF is Possible mechanisms are the waveform-clip effect reported for
approximately 3.72 - mm , whereas the correspondidgy, the STFF [20] and the cross-point shift effect reported for the
for the STFF is 1.4) - mm. This large minimumi;, for the high-speed latching operation flip—flop (HLO-FF) [19].

DTFF is due to the absence of a latching function in the CI. In the design of high-speed digital circuits, delays caused
According to linear-response theory as applied to SCFL gata interconnections cannot be neglected. We, therefore,
[19], the delay time <) for a Cl (r¢r) and a D-latch{pr) can  minimized the signal path length in order to reduce the signal
be approximated as [20] transit delay through interconnection lines [21]. Due to the
smaller scale of circuit for the CI than for the D-latch, the
critical signal-path length for a Cl was reduced from 450
pm for a D-latch to 30Qum. The output impedances of each

Load resistance (Qmm)

Cgs +C
:ng"' gd

grn , max

T

+ RiCy <1 —i—nk(](gA) @
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Fig. 3. _Structure of an InAlAs/InGaAs/InP HEMT with a T-shaped gatefid- 4. Transconductancegf) versus threshold voltage Vi) for
WSIN refractory gate metal, an SiCSiN bilayer dielectric-film system, and 0-1#m-gate HEMT's on a 2-in wafer.
InP recess—etch stopper.

Threshold voltage (mV)

stage of the ClI's were matched as closely as possible to
those of the interconnection lines by optimizing the gatewidth
of the FET's [21]. Since the characteristic impedance of
interconnection lines is approximately 5@, the optimized
gatewidth for the FET's in the DTFF and STFF was 20
pm. The gatewidth for the input buffer was chosen to be
50 zm, so as to give priority to driving capability, whereas
that of the output buffer was chosen to be 2@, in order

to generate sufficient output amplitude and not to reduce
the operation speed of the DTFF and STFF.

[ll. PERFORMANCE Fig. 5. Photomicrograph of a DFD using Qi InAlAs/InGaAs/InP

HEMT's.
A. InAlAs/InGaAs/InP HEMT

Fig. 3 shows a cross section of the HEMT, which has a T 80—
gate length of 0.Jum. An InAlAs/InGaAs modulation-doped e o DFD Ne3o/4d
heterostructure lattice-matched to InP substrate was grown by 8 4ol e sFD B ]
metal—-organic chemical vapor deposition (MOCVD). A direct g O gt
EB writer was used to delineate the footprint of the T-shaped- g fiogma=59-113.3 GHz|
gate electrode and conventional optical lithography was used ; aor N=33/4j'. P.d:818157 mwo |
to delineate the top part of it [22]. This fabrication process §
has high accuracy and reproducibility in the size of the gate e 2o frog mas=35-3+2.0 GHz 1
electrode. WSIN was used as the Schottky-contact metal in = P,=476126 mW
order to improve the thermal hardness of the contact [23]. An = ool ol
SiO,/SIN bilayer dielectric-film system [24] on the semicon- = 0 200 400 600 800 1000 1200

ductor surface was used to reduce the aspect ratio of the narrow
groove for the gate footprint and to completely fill the groove.
with WSIN. To ensure the uniformity of the gate—recess deptllﬂgsipation £)) of
an InP layer was inserted into the InAlAs barrier layer asa, = —4.6 V, Ve

gate—recess—etch stopper [22]. Fig. 4 shows the distributibn = 0-70 V. Vier

Power dissipation (mW)

—2.20 V).

. 6. Distribution of maximum toggle frequencyi{g, max) and power
the DFD’s and SFD’'s on a 2-in wafer. (DFD:
=060V, Viegt = —2.58 V. SFD: Vo = —3.2V,

of threshold voltagel(;,) and transconductance,() for the )
HEMT’s on a 2-in wafer on which the frequency dividersize is 1.4x 0.9 mm. The IC has Schottky diodes for level

were fabricated. The use of the InP recess-etch stopper resuft@idting, metal—insulator—metal (MIM) capacitors with SiN as
in the standard deviatioro} of V;;, being only 25 mV. The a dielectric film, and resistors using active layers. The inter-
gm Of these HEMT’s was 89836 mS/mm (meas: o). The connection lines are one-layer metal and air—bridge crossovers
current—gain cutoff frequencyf{) of the HEMT's was high which were originally developed for MMIC's. Fig. 6 shows
and uniform: 164-7.6 GHz. Seventy-one of the 72 FET’s orthe distribution of fios max and the power dissipationFy)
the wafer worked well. of DFD’s and SFD’s on the same 2-in wafer. The biases
were optimized for high-speed operation. For 44 samples,
the fabrication yields of DFD’s and SFD’s were as high as
The frequency dividers described in Section Il were fabrB9% and 75%. Thefig max Values were high and uniform:
cated using the InAlAs/InGaAs/InP HEMT's described abové&9.14+-3.3 GHz for DFD’s and 35:832.0 GHz for SFD'’s, and
Fig. 5 is a photomicrograph of the SCFL DFD, whose chifhe respective’; values were 81857 and 47626 mW. The

B. IC Performance
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Fig. 9. Delay-time analysis of the ClI and the D-lateh. is the intrinsic

Fig. 7. Input sensitivity versus frequency for a DFD. The frequency Qfircyit delay, 7, is the interconnection-line delay, ang is the parasitic
self-oscillation is 52.5 GHz. The ripples are due to residual reflection in t arging delay.

measurement systemVs = —4.6 V, Ve, = 058 V, Vier = —2.58 V,

Ls = 181 mA, Loy = 11 MA, Ler = 0 MA). velocity on the line [22]. Note that thisC line approximation

is valid for interconnection lines used in our design when the
frequency is higher than 2 GHz. For the signal—-path length,
described in Section Il, the, values for the Cl and the
D-latch were calculated to be 2.6 and 3.9 ps, respectively.
The 7, is the remaining delay calculated from the relation
T, = T—7;—7rL, Which can be interpreted as the charging delay
of stray capacitance. This delay was 1.7 ps for the Cl and 1.8 ps
for the D-latch. Eliminating the latch function and optimizing
Lo - pattern layouts decreased ther;, 7, andr, values for the ClI

{ to be 60%, 49%, 67%, and 94% of the corresponding delays

for the D-latch. Consequently, the decrease ofitlig due not

Fig. 8. Input and output waveforms of a DFD. The input (upper) anémy to the decrease of the, but also to the decrease of the

the output (lower) frequencies are 63.5 and 31.75 GHz, respectively, . ]
their amplitudes are 850 and 140 MW.( = —4.6 V, Vi, = 0.58 V. aIE'l‘ﬁwever, the_decrease of is smaller than that of;, and th_e
Vief = =258 V, Iss = 181 MA, I.s = 11 MA, Lor = 0 mA). decrease of, is small. Therefore, the decrease due to using

the Cl becomes smaller and thdor the Cl remains 60%, as
higher F,; of the DFD is due to the lower optimuii,, which much as ther for the D-latch, even though the decreased
is naturally caused by the lower center level of logic swingp 49%. In addition, the ratios of, and 7, to 7 increase
(Vcr) at the output of the current switch, which, in turn, igrom 27% and 13% to 31% and 20%, respectively. This shows
due to the larger?z. In fact, the calculated/cr, difference that the reduction ofr;, and 7, is of more importance in
of 1.4 V for a typical saturation current of 0.7 A/mm agreescreasing the speed of the DTFF than in increasing the speed
well with the measured optimurfi;, difference between the of the STFF. The large;, is due to the interconnection-line
DFD and the SFD. Fig. 7 shows input sensitivity for one of therocess developed for MMIC'’s, where the width and space
DFD’s, which showed stable toggle operation up to 63.5 GHaf air—bridges is too large for digital IC’s. Accordingly, the
The operation bandwidth, without tuning, is as broad asptimization of an interconnection-line process is necessary.
24.5 GHz. Fig. 8 shows input and output waveforms of tHBecreasing stray capacitance is also necessary because doing
frequency divider operating at 63.5 GHz. To our knowledgep will increase the overall speed of the DTFF.
this operation frequency is the highest ever reported for a
digital frequency divider. It is also the highest clock frequency V. CONCLUSION

reported for a digital IC synchronized to a clock signal. Digital DFD’s employing a DTFF with SCFL Cl's and
i i SFD’s employing a STFF with SCFL D-latches were fab-

C. Delay-Time Analysis ricated using 0.}3#m InAlAs/InGaAs/InP HEMT’s of good

Delay-time analysis was carried out for the ClI in the DFDniformity and high performance. They showed excellent yield
and the D-latch in the SFD (see Fig. 9). The total delagnd uniformity: fabrication yields of 89% and 75% on a 2-in
time (r) for the CI and the D-latch were calculated fronwafer, andfioe max values of 59.£3.3 and 35.32.0 GHz.
the measured averagg.s max IN Fig. 6 and proven to be A DFD achieved a record broad-band toggle operation at
8.5 and 14.2 ps. The intrinsic circuit delay; was evalu- 39-63.5 GHz without tuning. Comparison of the DFD and the
ated from circuit simulations neglecting the parasitic effeGFD showed that the ratio ¢f.g, max for the DFD to that for
caused by interconnection lines and the stray capacitante SFD by circuit simulation is much higher than the expected
The 7; values calculated for the Cl and the D-latch wergalue using linear-response theory, which shows the existence
4.2 and 8.5 ps, respectively. The signal transit delay) ( of some effects that increases the operation speed of the DFD.
through interconnection lines were evaluated (udifiyline The comparison also showed that the measured ratio of the
approximation) as;, = L/vs, where theL is the length of fios max for the DFD to that for the SFD is 1.7, in contrast
an interconnection line and the, is the signal-propagation with the value of two predicted from the circuit simulation.
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Delay-time analysis using aoC line approximation revealed [14]
that this 15% decrease of the ratio is due to the transit delay
of interconnections and charging delay for stray capacitance.
Reduction of these parasitic delays is, therefore, importan$]
for further increasing the operation speed. The fabricated IC
showed the highest operation speed of any digital frequengy)
divider and demonstrated that this technology can be used to
make digital IC’s that can operate at more than 60 Gb/s. T

next step to speed-up this type of digital IC is to use fine
bilayer interconnection system to shorten the interconnection
length. In addition, the use of thick low-permittivity dielectric[lg]
film like benzocyclobutene (BCB) is effective in decreasing

interconnection delay because it increases the propagation
speed of a signal. As a result, 80-Gb/s operation of a digital I&g)
will be possible by using these high-speed interconnections.
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