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Overview I

• Adiabatic circuits that have 
been studied for performance 
under differential power 
analysis produce current 
spikes when signals drop 
below vt

• As clock rate lengthens
– adiabatic dissipation drops
– spikes due to vt do not 

change
• Differential power analysis 

ends up measuring the high-
speed switching characteristics 
of transistors

• A fully adiabatic circuit could 
be expected to have
– lower functional dissipation 

at lower speeds
– no vt spike
– current increasingly 

independent of some 
transistor characteristics at 
slow speeds

• Let’s see



Overview II

• Mike Frank’s S2LAL is fully adiabatic

– However, 1s are represented by pulses and 0s by DC levels

– So 1s dissipate more power than 0s (in a dual rail system)

– Mike pointed out to me that switching to quad rail addresses the
issue

• Erik DeBenedictis developed a variant where 0s and 1s are 
represented by pulses on different rails

– a dual-rail system could have current draw independent of data

– this circuit is described in ZF005 on https://zettaflops.org/CATC

– the variant is tentatively named Q2LAL for “quiet 2LAL”



Four Spice Waveforms

• Subsequent four slides have waveforms of clock current at
– 67 ns ramp
– 100 ns ramp
– 1 s ramp
– 10 s ramp

• The slides look the same, so page through in PowerPoint like an 
animation
– each graph shows one full eight-phase clock
– the horizontal axis and the clock rate have been scaled by the 

same amount
• This is simulation using the ngspice built-in transistor model; only 

circuit properties should be considered
• Circuit described in ZF005 on https://zettaflops.org/CATC











Four waveforms

• Let’s repeat the same simulation with 10× larger vertical scale

• Note the final waveform is very clean











Clock Gap and Ringing

• The simulation has been programmed with a programmable gap 
between clocks, set to 20% in other slides

• The gap has been removed on the right graph below

• The ringing on the left seems to be instability in ngspice

Gap
Ringing

Ringing



Backup: ngspice code

• The ngspice source to the right 
in 1 point font was used to 
generate the content of this 
deck

• To reproduce the results, 
scrape the source from a pdf
rendering

• To reproduce results, see also 
document ZF005 on 
https://zettaflops.org/CATC

Q2LAL
* Q2LAL initial test setup. S2LAL with "quiet 2LAL."
* Q2LAL is a signficant conceptual modification to S2LAL, albeit one that differs only in one transistor.
* Q2LAL transmits bits in straightforward dual-rail, which means a 1 is a pulse from ground to V. In S2LAL terminology, this is a "hat" pulse, meaning it has
* the most positive voltage in the middle. A Q2LAL 0 is a "hat" pulse on a different wire. In contrast, S2LAL sends a 1 on two wires, a hat pulse like Q2LAL but also
* an electrically inverted pulse on a different wire, i. e. a pulse from the idle V state to ground. S2LAL sends a 0 with both wires in the idle state.
*
* S2LAL references:
* Frank, Michael P., et al. "Reversible Computing with Fast, Fully Static, Fully Adiabatic CMOS." arXiv preprint arXiv:2009.00448 (2020).
* Contains Athas's adiabatic amplifier from:
* Athas, W. C., et al. "Low-power digital systems based on adiabatic-switching principles." IEEE Transactions on VLSI Systems 2.4 (1994): 398-407
*
* Tested with ngspice-30 (creation date Dec 28, 2018, from ngspice-30_64.zip 8,687,648 bytes)
*
* For tutorial docs: no tabs; comments start column 61; 169 character maximum line length
*
* Instructions:
* There is an .if statement below that can be set to 0 or 1 to simulate S2LAL or Q2LAL
* There are three sets of plot commands at the end. Comment out either "plot" or "gnuplot"
* The functional length of the simulation is some number of periods of the 8-phase clock, set param "periods" below
* The speed of the simulated system is set by the (inverse) period of the 8-phase clock, set param "period" below
.param q2lal=1                                              $ nonzero for q2lal; otherwise s2lal
.param periods=1 $ 20                                           $ number of repetitions of the basic waveform
.param period= $ 100u $ 10u $ 1u $ .67u $ 100u $ 100u $ .67u $ 100u   $ period of the clock waveform, which comprises a number of ticks
.param period= 10u $ 100u $ 100u $ .67u $ 100u                        $ period of the clock waveform, which comprises a number of ticks
.param FastSlow=0                                           $ 0 for regular clock 1 for several waveforms having fast and slow versions

.MODEL p1 pmos(LEVEL=49 version=3.3.0)

.MODEL n1 nmos(LEVEL=49 version=3.3.0)

.param CLAMP=1                                              $ clamp transistor of Athas's adiabatic amplifier, set to 0 to disable

.param ACAP=2e-12                                           $ capacitive load on the data line

.param QQCAP=0e-12                                          $ capacitive load on the internal QQ node

*** SUBCIRCUIT DEFINITIONS
* Figure 4 in arXiv:2009.00448, Athas's adiabatic amplifier but with complementary voltages on the two halves
.SUBCKT AAMP AT AC T C piT piC GND PWR nsub psub ini='gg'   $ Athas's adiabatic amplifier. Args: AT/C T/C clockT/C substrate supplies
.ic V(T)='ini' V(C)='vv-ini'                                $ .ic V(a)={gg} V(a2)=ini
M0 piT AT T nsub n1                                         $ pass gate
M1 piT AC T psub p1
M2 piC AT C nsub n1                                         $ pass gate
M3 piC AC C psub p1
.if (CLAMP=1)
M4 GND AC T nsub n1                                         $ clamp
M5 PWR AT C psub p1
.endif
.ENDS AAMP

* Figure 5 in arXiv:2009.00448
.SUBCKT LATCH AT AC QT QC piT piC pjT pjC GND PWR           $ One phase of the 2LAL shift register. Args: AT/C QT/C clock0T/C clock1T/C
+ nsub psub tap0 tap1 tap2 tap3 ini='gg'                    $ substrate supplies
R0 tap5 QT 1                                                $ circuit taps for debugging
X1 AT AC T C piT piC GND PWR nsub psub AAMP ini='ini'
M1 T pjT QT nsub n1                                         $ Frank's latch
M2 T pjC QT psub p1
M3 C pjT QC nsub n1                                         $ Frank's latch
M4 C pjC QC psub p1
C1 AT 0 ACAP
C2 AC 0 ACAP
C3 T 0 QQCAP
C4 C 0 QQCAP
.ENDS LATCH

* Figure 6 in arXiv:2009.00448, except this is just the first stage; shift clocks for subsequent stages
.SUBCKT PHASE S0T S0C S1T S1C                               $ One stage of the 2LAL shift register. Args: AT/C QT/C
+ p0T p0C p1T p1C p2T p2C p3T p3C GND PWR nsub psub $ 4x{ phi<n>T/C } DC Supply substrate supplies
+ tap0 tap1 tap2 tap3 tap4 tap5 tap6 tap7 ini='gg'
X0  S0T S0C S1T S1C p1T p1C p0T p0C GND PWR nsub psub tap0 tap1 tap2 tap3 LATCH ini=ini
X10 S1T S1C S0T S0C p2T p2C p3T p3C GND PWR nsub psub tap4 tap5 tap6 tap7 LATCH ini=ini
.ends PHASE

* Figure 6 in arXiv:2009.00448, except this is all 8 stages
.SUBCKT SDELAY S0T S0C S8T S8C                              $ Four phases that just delay. Args: 2*{ data<n>T/C }
+ p0T p0C p1T p1C p2T p2C p3T p3C                           $ clocks/power supplies
+ p4T p4C p5T p5C p6T p6C p7T p7C
+ GND PWR nsub psub $ DC Supply substrate supplies
+ tap0 tap1 tap2 tap3 tap4 tap5 tap6 tap7 tap8 tap9 tapA tapB ini='gg'
R0 tap0 S0T 1                                               $ circuit taps for debugging
R1 tap1 S0C 1
R2 tap2 S1T 1
R3 tap3 S1C 1
R4 tap4 S2T 1
R5 tap5 S2C 1
R6 tap6 S3T 1
R7 tap7 S3C 1
R8 tap8 S4T 1
R9 tap9 S4C 1
RA tapA S5T 1
RB tapB S5C 1
RC tapC S6T 1
RD tapD S6C 1
RE tapE S7T 1
RF tapF S7C 1
X0  S0T S0C S1T S1C p0T p0C p1T p1C p2T p2C p3T p3C GND PWR nsub psub t100 t101 t102 t103 t200 t201 t202 t203 PHASE ini=gg
X1  S1T S1C S2T S2C p1T p1C p2T p2C p3T p3C P4T P4C GND PWR nsub psub t110 t111 t112 t113 t210 t211 t212 t213 PHASE ini=ini
X2  S2T S2C S3T S3C p2T p2C p3T p3C P4T P4C P5T P5C GND PWR nsub psub t120 t121 t122 t123 t220 t221 t222 t223 PHASE ini=ini
X3  S3T S3C S4T S4C p3T p3C P4T P4C P5T P5C P6T P6C GND PWR nsub psub t130 t131 t132 t133 t230 t231 t232 t233 PHASE ini=ini
X4  S4T S4C S5T S5C P4T P4C P5T P5C P6T P6C P7T P7C GND PWR nsub psub t140 t141 t142 t143 t240 t241 t242 t243 PHASE ini=ini
X5  S5T S5C S6T S6C P5T P5C P6T P6C P7T P7C P0T P0C GND PWR nsub psub t150 t151 t152 t153 t250 t251 t252 t253 PHASE ini=ini
X6  S6T S6C S7T S7C P6T P6C P7T P7C P0T P0C P1T P1C GND PWR nsub psub t160 t161 t162 t163 t260 t261 t262 t263 PHASE ini=gg
X7  S7T S7C S8T S8C P7T P7C P0T P0C P1T P1C P2T P2C GND PWR nsub psub t170 t171 t172 t173 t270 t271 t272 t273 PHASE ini=gg
.ENDS SDELAY

* This is an inverting version of the phase circuit. It simply reverses the input wires.
.SUBCKT PHASEv S0T S0C S1T S1C                              $ One stage of the 2LAL shift register. Args: AT/C QT/C
+ p0T p0C p1T p1C p2T p2C p3T p3C GND PWR nsub psub $ 4x{ phi<n>T/C } DC Supply substrate supplies
+ tap0 tap1 tap2 tap3 tap4 tap5 tap6 tap7 ini='gg'
X0  S0C S0T S1T S1C p1T p1C p0T p0C GND PWR nsub psub tap0 tap1 tap2 tap3 LATCH ini=ini
X10 S1C S1T S0T S0C p2T p2C p3T p3C GND PWR nsub psub tap4 tap5 tap6 tap7 LATCH ini=ini
.ends PHASEv

* This is an inverting version of the delay circuit. It simply calls PHASEv at a point that doesn't interfere with initialization.
.SUBCKT SDELAYv S0T S0C S8T S8C                             $ Four phases that just delay. Args: 2*{ data<n>T/C }
+ p0T p0C p1T p1C p2T p2C p3T p3C                           $ clocks/power supplies
+ p4T p4C p5T p5C p6T p6C p7T p7C
+ GND PWR nsub psub $ DC Supply substrate supplies
+ tap0 tap1 tap2 tap3 tap4 tap5 tap6 tap7 tap8 tap9 tapA tapB ini='gg'
R0 tap0 S0T 1                                               $ circuit taps for debugging
R1 tap1 S0C 1
R2 tap2 S1T 1
R3 tap3 S1C 1
R4 tap4 S2T 1
R5 tap5 S2C 1
R6 tap6 S3T 1
R7 tap7 S3C 1
R8 tap8 S4T 1
R9 tap9 S4C 1
RA tapA S5T 1
RB tapB S5C 1
RC tapC S6T 1
RD tapD S6C 1
RE tapE S7T 1
RF tapF S7C 1
X0  S0T S0C S1T S1C p0T p0C p1T p1C p2T p2C p3T p3C GND PWR nsub psub t100 t101 t102 t103 t200 t201 t202 t203 PHASE ini=gg
X1  S1T S1C S2T S2C p1T p1C p2T p2C p3T p3C P4T P4C GND PWR nsub psub t110 t111 t112 t113 t210 t211 t212 t213 PHASE ini=ini
X2  S2T S2C S3T S3C p2T p2C p3T p3C P4T P4C P5T P5C GND PWR nsub psub t120 t121 t122 t123 t220 t221 t222 t223 PHASE ini=ini
X3  S3T S3C S4T S4C p3T p3C P4T P4C P5T P5C P6T P6C GND PWR nsub psub t130 t131 t132 t133 t230 t231 t232 t233 PHASE ini=ini
X4  S4T S4C S5T S5C P4T P4C P5T P5C P6T P6C P7T P7C GND PWR nsub psub t140 t141 t142 t143 t240 t241 t242 t243 PHASE ini=ini
X5  S5T S5C S6T S6C P5T P5C P6T P6C P7T P7C P0T P0C GND PWR nsub psub t150 t151 t152 t153 t250 t251 t252 t253 PHASE ini=ini
X6  S6T S6C S7T S7C P6T P6C P7T P7C P0T P0C P1T P1C GND PWR nsub psub t160 t161 t162 t163 t260 t261 t262 t263 PHASEv ini=gg
X7  S7T S7C S8T S8C P7T P7C P0T P0C P1T P1C P2T P2C GND PWR nsub psub t170 t171 t172 t173 t270 t271 t272 t273 PHASE ini=gg
.ENDS SDELAYv

* Erik's "two hat" adiabatic amplifier. In S2LAL notation, it expects data input as A-hat and -A-hat. Given this, it produces the correct output.
.SUBCKT QAAmp AT AC T C pT Cl GND nsub psub ini='gg'        $ Erik's adiabatic amplifier. Args: AT/C T/C clock&clamp substrate supplies
.ic V(T)='ini' V(C)='vv-ini'                                $ .ic V(a)={gg} V(a2)=ini
M0 pT AT T nsub n1                                          $ pass gate
M1 pT AC T psub p1
M2 pT AC C nsub n1                                          $ pass gate
M3 pT AT C psub p1
.if (CLAMP=1)
M4 GND AC T nsub n1                                         $ clamp
M5 GND AT C nsub n1
M6 GND Cl T nsub n1                                         $ clamp
M7 GND Cl C nsub n1
.endif
.ENDS QAAmp

* This is the latched version; it is just a QAAmp followed by a pass gate.
.SUBCKT qLatch AT AC QT QC piT Cli pjT pjC GND PWR          $ One phase of the 2LAL shift register. Args: AT/C QT/C clockiT&clamp clockjT/C
+ nsub psub tap0 tap1 tap2 tap3 ini='gg'                    $ substrate supplies
r0 tap0 piT 1                                               $ green
r1 tap1 T 1                                                 $ red
r2 tap2 AC 1                                                $ blue
r3 tap3 Cli 1                                               $ yellow
X1 AT AC T C piT Cli GND nsub psub QAAmp ini='ini'
M1 T pjT QT nsub n1                                         $ Frank's latch
M2 T pjC QT psub p1
M3 C pjT QC nsub n1                                         $ Frank's latch
M4 C pjC QC psub p1
C1 AT 0 ACAP
C2 AC 0 ACAP
C3 T 0 QQCAP
C4 C 0 QQCAP
.ENDS qLatch

* One phase of a Q2LAL shift register.
.SUBCKT qPhase S0T S0C S1T S1C                              $ One stage of the 2LAL shift register. Args: AT/C QT/C
+ p0T p0C p1T Cl1 p2T Cl2 p3T p3C GND PWR nsub psub $ two clocks T/C and two clocks T&clamp DC Supply substrate supplies
+ tap0 tap1 tap2 tap3 tap4 tap5 tap6 tap7 ini='gg'
r0 tap0 t0 1
r1 tap1 t1 1
r2 tap2 t2 1
r3 tap3 t3 1
X0  S0T S0C S1T S1C p1T Cl1 p0T p0C GND PWR nsub psub t0 t1 t2 t3 qLatch ini=ini
X10 S1T S1C S0T S0C p2T Cl2 p3T p3C GND PWR nsub psub tap4 tap5 tap6 tap7 qLatch ini=ini
.ends qPhase

* 8 phases of a Q2LAL shift register.
.SUBCKT qDelay S0T S0C S8T S8C                              $ Four phases that just delay. Args: 2*{ data<n>T/C }
+ p0T p0C p1T p1C p2T p2C p3T p3C                           $ clocks/power supplies
+ p4T p4C p5T p5C p6T p6C p7T p7C
+ GND PWR nsub psub $ DC Supply substrate supplies
+ Cl0 Cl1 Cl2 Cl3 Cl4 Cl5 Cl6 Cl7                           $ clamps
+ tap8 tap9 tapA tapB ini='gg'                              $ debugging taps and initialization
R8 tap8 t120 1
R9 tap9 t121 1
RA tapA t122 1
RB tapB t123 1
RC tapC S6T 1
RD tapD S6C 1
RE tapE S7T 1
RF tapF S7C 1
X0  S0T S0C S1T S1C p0T p0C p1T Cl0 p2T Cl1 p3T p3C GND PWR nsub psub t100 t101 t102 t103 t200 t201 t202 t203 qPhase ini=gg
X1  S1T S1C S2T S2C p1T p1C p2T Cl1 p3T Cl2 P4T P4C GND PWR nsub psub t110 t111 t112 t113 t210 t211 t212 t213 qPhase ini=ini
X2  S2T S2C S3T S3C p2T p2C p3T Cl2 P4T Cl3 P5T P5C GND PWR nsub psub t120 t121 t122 t123 t220 t221 t222 t223 qPhase ini=ini
X3  S3T S3C S4T S4C p3T p3C P4T Cl3 P5T Cl4 P6T P6C GND PWR nsub psub t130 t131 t132 t133 t230 t231 t232 t233 qPhase ini=ini
X4  S4T S4C S5T S5C P4T P4C P5T Cl4 P6T Cl5 P7T P7C GND PWR nsub psub t140 t141 t142 t143 t240 t241 t242 t243 qPhase ini=ini
X5  S5T S5C S6T S6C P5T P5C P6T Cl5 P7T Cl6 P0T P0C GND PWR nsub psub t150 t151 t152 t153 t250 t251 t252 t253 qPhase ini=ini
X6  S6T S6C S7T S7C P6T P6C P7T Cl6 P0T Cl7 P1T P1C GND PWR nsub psub t160 t161 t162 t163 t260 t261 t262 t263 qPhase ini=gg
X7  S7T S7C S8T S8C P7T P7C P0T Cl7 P1T Cl0 P2T P2C GND PWR nsub psub t170 t171 t172 t173 t270 t271 t272 t273 qPhase ini=gg
.ENDS qDelay

*** POWER-CLOCKS
.param gg= 0V
.param vv= 9.99V

*** CLOCKS -- Original 8 clock phases and inverses (total eight unique signals), but with slow and fast phase 1's (total 12 unique signals)
.param simlen=periods*period                                $ length of the plot in time

$ Extra delay to split phi0 into a fast and slow clock; if Fast=0, the clocks become the same
$ See Saed G. Younis. Asymptotically Zero Energy Computing Using Split-Level Charge Recovery Logic. No. AI-TR-1500. MIT AI Laboratory, 1994.
.param tick=period/(8+FastSlow*2)                           $ regular: period/8; FastSlow: period/10
.param Fast=FastSlow*tick                                   $ regular: tick; FastSlow: tick

.param Ramp=tick $ 0.80*tick                                       $ waveform is parameterized so there is a "porch" on either side of a ramp

.param PPT=0 $ 0.10*tick                                        $ one PPT at beginning and end of sequence, two of these PPTs between ramps

.param ticks=simlen/tick                                    $ number of ticks in the simulation

.param ttn=18000ns                                          $ integration time for energy

.param tstep=25NS*period/10u*periods/20                                $ time of a simulation step, so number of steps is tick*ticks/tstep

$ The clocks comprise a series transistions (separated by PPTs). Starting at the beginning of the three-phase cycle, the clock are computed by repeatedly
$ incrementing the time by the length of a transition and a PPT.
.param f0uS=PPT
.param f0uF=f0uS+Fast
.param f1up=f0uF+Ramp+2*PPT
.param f2up=f1up+Ramp+2*PPT
.param f3up=f2up+Ramp+2*PPT
.param f0dn=f3up+Ramp+2*PPT
.param f1dn=f0dn+Ramp+2*PPT
.param f2dF=f1dn+Ramp+2*PPT
.param f2dS=f2dF+Fast
.param f3dn=f2dS+Ramp+2*PPT
.param epoc=f3dn+Ramp+PPT

* These are clamp waveforms. They go high for one tick to clamp signals to ground. These are not clocks.
* Each can be generated with four transistors from existing clocks. They only connect to transistor gates, so they do not need a lot of drive capability.
Vc0    710 0 DC 'vv' PWL('0' 'vv'                               'f0uS' 'vv' 'f0uS+Ramp' 'gg'     'f2dS' 'gg' 'f2dS+Ramp' 'vv'     'epoc' 'vv' r='0')
Vc1    711 0 DC 'vv' PWL('0' 'vv'                               'f1up' 'vv' 'f1up+Ramp' 'gg'     'f3dn' 'gg' 'f3dn+Ramp' 'vv'     'epoc' 'vv' r='0')
Vc2    712 0 DC 'gg' PWL('0' 'gg'                                 'f0uS' 'gg' 'f0uS+Ramp' 'vv'     'f2up' 'vv' 'f2up+Ramp' 'gg'     'epoc' 'gg' r='0')
Vc3    713 0 DC 'gg' PWL('0' 'gg'                                 'f1up' 'gg' 'f1up+Ramp' 'vv'     'f3up' 'vv' 'f3up+Ramp' 'gg'     'epoc' 'gg' r='0')
Vc4    714 0 DC 'gg' PWL('0' 'gg'                                 'f2up' 'gg' 'f2up+Ramp' 'vv'     'f0dn' 'vv' 'f0dn+Ramp' 'gg'     'epoc' 'gg' r='0')
Vc5    715 0 DC 'gg' PWL('0' 'gg'                                 'f3up' 'gg' 'f3up+Ramp' 'vv'     'f1dn' 'vv' 'f1dn+Ramp' 'gg'     'epoc' 'gg' r='0')
Vc6    716 0 DC 'gg' PWL('0' 'gg'                                 'f0dn' 'gg' 'f0dn+Ramp' 'vv'     'f2dS' 'vv' 'f2dS+Ramp' 'gg'     'epoc' 'gg' r='0')
Vc7    717 0 DC 'gg' PWL('0' 'gg'                                 'f1dn' 'gg' 'f1dn+Ramp' 'vv'     'f3dn' 'vv' 'f3dn+Ramp' 'gg'     'epoc' 'gg' r='0')

* These are the power clocks, including separate fast and slow clocks
Vphi0P 110 0 DC 'gg' PWL('0' 'gg'                                 'f0uS' 'gg' 'f0uS+Ramp' 'vv'     'f0dn' 'vv' 'f0dn+Ramp' 'gg'     'epoc' 'gg' r='0')
Vphi0f 510 0 DC 'gg' PWL('0' 'gg'                                 'f0uF' 'gg' 'f0uF+Ramp' 'vv'     'f0dn' 'vv' 'f0dn+Ramp' 'gg'     'epoc' 'gg' r='0')
Vphi1P 111 0 DC 'gg' PWL('0' 'gg'                                 'f1up' 'gg' 'f1up+Ramp' 'vv'     'f1dn' 'vv' 'f1dn+Ramp' 'gg'     'epoc' 'gg' r='0')
Vphi2P 112 0 DC 'gg' PWL('0' 'gg'                                 'f2up' 'gg' 'f2up+Ramp' 'vv'     'f2dS' 'vv' 'f2dS+Ramp' 'gg'     'epoc' 'gg' r='0')
Vphi2f 512 0 DC 'gg' PWL('0' 'gg'                                 'f2up' 'gg' 'f2up+Ramp' 'vv'     'f2dF' 'vv' 'f2dF+Ramp' 'gg'     'epoc' 'gg' r='0')
Vphi3P 113 0 DC 'gg' PWL('0' 'gg'                                 'f3up' 'gg' 'f3up+Ramp' 'vv'     'f3dn' 'vv' 'f3dn+Ramp' 'gg'     'epoc' 'gg' r='0')
Vphi4f 514 0 DC 'vv' PWL('0' 'vv'                               'f0uF' 'vv' 'f0uF+Ramp' 'gg'     'f0dn' 'gg' 'f0dn+Ramp' 'vv'     'epoc' 'vv' r='0')
Vphi4P 114 0 DC 'vv' PWL('0' 'vv'                               'f0uS' 'vv' 'f0uS+Ramp' 'gg'     'f0dn' 'gg' 'f0dn+Ramp' 'vv'     'epoc' 'vv' r='0')
Vphi5P 115 0 DC 'vv' PWL('0' 'vv'                               'f1up' 'vv' 'f1up+Ramp' 'gg'     'f1dn' 'gg' 'f1dn+Ramp' 'vv'     'epoc' 'vv' r='0')
Vphi6f 516 0 DC 'vv' PWL('0' 'vv'                               'f2up' 'vv' 'f2up+Ramp' 'gg'     'f2dF' 'gg' 'f2dF+Ramp' 'vv'     'epoc' 'vv' r='0')
Vphi6P 116 0 DC 'vv' PWL('0' 'vv'                               'f2up' 'vv' 'f2up+Ramp' 'gg'     'f2dS' 'gg' 'f2dS+Ramp' 'vv'     'epoc' 'vv' r='0')
Vphi7P 117 0 DC 'vv' PWL('0' 'vv'                               'f3up' 'vv' 'f3up+Ramp' 'gg'     'f3dn' 'gg' 'f3dn+Ramp' 'vv'     'epoc' 'vv' r='0')

VGND   200 0 DC 'gg'
VPWR   201 0 DC 'vv'

*** TOP-LEVEL CIRCUIT
* Set the flat to 0 for a test of the quiet circuit and 1 for standard 2LAL
.if (q2lal!=0)
X0 SAT SAC SBT SBC 110 114 111 115 112 116 113 117 114 110 115 111 116 112 117 113 200 201 200 201 710 711 712 713 714 715 716 717 pp8 pp9 ppA ppB qDelay ini=gg
X1 SBT SBC SCT SCC 110 114 111 115 112 116 113 117 114 110 115 111 116 112 117 113 200 201 200 201 710 711 712 713 714 715 716 717 uu8 uu9 uuA uuB qDelay ini=gg
X5 SCT SCC SAC SAT 110 114 111 115 112 116 113 117 114 110 115 111 116 112 117 113 200 201 200 201 710 711 712 713 714 715 716 717 xx8 xx9 xxA xxB qDelay ini=vv

X2 SXT SXC SYT SYC 110 114 111 115 112 116 113 117 114 110 115 111 116 112 117 113 200 201 200 201 710 711 712 713 714 715 716 717 qq8 qq9 qqA qqB qDelay ini=gg
X3 SYT SYC SZT SZC 110 114 111 115 112 116 113 117 114 110 115 111 116 112 117 113 200 201 200 201 710 711 712 713 714 715 716 717 vv8 vv9 vvA vvB qDelay ini=gg
X4 SZT SZC SXC SXT 110 114 111 115 112 116 113 117 114 110 115 111 116 112 117 113 200 201 200 201 710 711 712 713 714 715 716 717 ww8 ww9 wwA wwB qDelay ini=vv
.else
X0 SAT SAC SBT SBC 110 114 111 115 112 116 113 117 114 110 115 111 116 112 117 113 200 201 200 201 pp0 pp1 pp2 pp3 pp4 pp5 pp6 pp7 pp8 pp9 ppA ppB SDELAY ini=gg
X1 SBT SBC SCT SCC 110 114 111 115 112 116 113 117 114 110 115 111 116 112 117 113 200 201 200 201 uu0 uu1 uu2 uu3 uu4 uu5 uu6 uu7 uu8 uu9 uuA uuB SDELAY ini=gg
X5 SCT SCC SAT SAC 110 114 111 115 112 116 113 117 114 110 115 111 116 112 117 113 200 201 200 201 xx0 xx1 xx2 xx3 xx4 xx5 xx6 xx7 xx8 xx9 xxA xxB SDELAYv ini=gg

X2 SXT SXC SYT SYC 110 114 111 115 112 116 113 117 114 110 115 111 116 112 117 113 200 201 200 201 qq0 qq1 qq2 qq3 qq4 qq5 qq6 qq7 qq8 qq9 qqA qqB SDELAY ini=gg
X3 SYT SYC SZT SZC 110 114 111 115 112 116 113 117 114 110 115 111 116 112 117 113 200 201 200 201 vv0 vv1 vv2 vv3 vv4 vv5 vv6 vv7 vv8 vv9 vvA vvB SDELAY ini=gg
X4 SZT SZC SXT SXC 110 114 111 115 112 116 113 117 114 110 115 111 116 112 117 113 200 201 200 201 ww0 ww1 ww2 ww3 ww4 ww5 ww6 ww7 ww8 ww9 wwA wwB SDELAYv ini=gg
.endif

* power and energy calculation
B4 0 16 V=0
+ +I(Vc0)*v(710)+I(Vc1)*v(711)+I(Vc2)*v(712)+I(Vc3)*v(713)+I(Vc4)*v(714)+I(Vc5)*v(715)+I(Vc6)*v(716)+I(Vc7)*v(717)
+ +I(vphi0P)*v(110)+I(vphi1P)*v(111)+I(vphi2P)*v(112)+I(vphi3P)*v(113)+I(vphi4P)*v(114)+I(vphi5P)*v(115)+I(vphi6P)*v(116)+I(vphi7P)*v(117)
+ +I(vphi0f)*v(510)+I(vphi2f)*v(512)+I(vphi4f)*v(514)+I(vphi6f)*v(116)
+ +I(VGND)*v(200)+I(VPWR)*v(201)
A1 16 17 power_tally
.model power_tally int(in_offset=0.0 gain=1.0 out_lower_limit=-1e12 out_upper_limit=1e12 limit_range=1e-9 out_ic=0.0)

.option noinit acct

***************************************************************************************************
$ NGSPICE CONTROL AREA
.TRAN 'tstep' 'simlen'
.csparam tste = 'tstep*1e9'
.csparam tic = 'tick*1e6'
.csparam fst = 'Fast*1e6'
.csparam epoch = 'epoc*1e6'
.csparam slen = 'simlen*1e3'
.csparam rmp = Ramp*1e6
.control
pre_set strict_errorhandling
unset ngdebug
echo "*******************Tstep $&tste ns. Tick $&tic us. Fast $&fst us. Period $&epoch us. Simulation length $&slen ms."
run

* measure power consumption
meas tran Energy1us INTEG v(16) from=0 to=5us
meas tran EnergyLev INTEG v(16) 'from=5us to=ttn'
echo -------------------Results $&Energy1us , $&EnergyLev
echo Results , $&Energy1us , $&EnergyLev >>Q2LAL.csv

* white background
set color0=white
* black grid and text (only needed with X11, automatic with MS Win)
set color1=black
* wider grid and plot lines
set xbrushwidth=1
set xgridwidth=1

set hcopypscolor=1
set hcopyscale=4
set hcopypstxcolor=2
set hcopyfontsize=3
set gnuplot_terminal=png

$ plot                                                        $ plot clock current
gnuplot gp/clkcur title "Clock current draw with $&rmp us ramp"
+ ylimit -5000u 5000u
+ I(Vphi0P) I(Vphi0f) I(Vphi1P) I(Vphi2P) I(Vphi2f) I(Vphi3P) I(Vphi4f) I(Vphi4P) I(Vphi5P) I(Vphi6f) I(Vphi6P) I(Vphi7P)

$ set fn=file$&loop+e.png
$ *gnuplot gp/$fn v(50) v(51) title "Cum E: $&Stick s tick, $&Sticks ticks, $&Sttn s total, wid x $&Swidx, $&Svv V/2"

plot                                                        $ plot instantaneous energy consumption
$ gnuplot gp/power title "Instantaneous dissipation"
+ ylimit -25m 25m
+ v(16)

plot  $ ylimit 0 70n                                          $ plot accumulated energy dissipation
$ gnuplot gp/energy title "Cumulative dissipation" ylimit 0 70n
+ v(17)

plot title "3-stage Q2LAL/S2LAL inverting shift register" ylimit 0 6
$ gnuplot gp/traces ylimit 0 6 title "3-stage Q2LAL/S2LAL inverting shift register"
*+ v(710)/9.99*0.9+ 8.55+.000*3
*+ v(711)/9.99*0.9+ 8.55+.025*3
*+ v(712)/9.99*0.9+ 8.55+.050*3
*+ v(713)/9.99*0.9+ 8.55+.075*3
*+ v(714)/9.99*0.9+ 8.55+.100*3
*+ v(715)/9.99*0.9+ 8.55+.125*3
*+ v(716)/9.99*0.9+ 8.55+.150*3
*+ v(717)/9.99*0.9+ 8.55+.175*3
+
*+ v(110)/9.99*0.9+6.55
+
+ v(uu8)/9.99*0.9+ 4.675                                   $ green
+ v(uu9)/9.99*0.9+ 4.625                                   $ red
+ v(uuA)/9.99*0.9+ 4.575                                   $ blue
+ v(uuB)/9.99*0.9+ 4.525                                   $ yellow
+
+ v(SAT)/9.99*0.9+ 0.55
+ v(SAC)/9.99*0.9+ 0.55+.05
+ v(SXT)/9.99*0.9+ 2.55
+ v(SXC)/9.99*0.9+ 2.55+.05

.endc

.END


