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Motivação para importância de circuitos aritméticos
S. Bianco et al.: Benchmark Analysis of Representative DNN Architectures

FIGURE 1. Ball chart reporting the Top-1 and Top-5 accuracy vs. computational complexity. Top-1 and Top-5 accuracy using only the center crop

versus floating-point operations (FLOPs) required for a single forward pass are reported. The size of each ball corresponds to the model complexity.

(a) Top-1; (b) Top-5.

C. MEMORY USAGE

We evaluate the total memory consumption, which includes
all the memory that is allocated, i.e. the memory allocated for
the networkmodel and thememory requiredwhile processing
the batch. We measure memory usage for different batch
sizes: 1, 2, 4, 8, 16, 32, and 64.

D. COMPUTATIONAL COMPLEXITY

We measure the computational cost of each DNN model
considered using the floating-point operations (FLOPs) in
the number of multiply-adds as in [16]. More in detail,
the multiply-adds are counted as two FLOPs because,
in many recent models, convolutions are bias-free and it
makes sense to count multiply and add as separate FLOPs.

E. INFERENCE TIME

We report inference time per image for each DNN model
for both the NVIDIA Titan X Pascal GPU and the
NVIDIA Jetson TX1. We measure inference time in terms
of milliseconds and by considering the same batch sizes
described in Section IV-C. For statistical validation the
reported time corresponds to the average over 10 runs.

V. RESULTS
A. ACCURACY-RATE VS COMPUTATIONAL COMPLEXITY

VS MODEL COMPLEXITY

The ball charts reported in Figures 1 (a) and (b) show Top-1
and Top-5 accuracy on the ImageNet-1k validation set with
respect to the computational complexity of the considered

architectures for a single forward pass measured for both
the workstation and the embedded board. The ball size
corresponds to the model complexity. From the plots it can
be seen that the DNN model reaching the highest Top-1 and
Top-5 accuracy is the NASNet-A-Large that is also the one
having the highest computational complexity. Among the
models having the lowest computational complexity instead
(i.e. lower than 5 G-FLOPs), SE-ResNeXt-50 (32⇥4d) is the
one reaching the highest Top-1 and Top-5 accuracy showing
at the same time a low level of model complexity, with
approximately 2.76 M-params. Overall, it seems that there
is no relationship between computational complexity and
recognition accuracy, for instance SENet-154 needs about 3⇥
the number of operations that are needed by SE-ResNeXt-101
(32⇥4d) while having almost the same accuracy. Moreover,
it seems that there is no relationship also betweenmodel com-
plexity and recognition accuracy: for instance VGG-13 has a
much higher level of model complexity (size of the ball) than
ResNet-18 while having almost the same accuracy.

B. ACCURACY-RATE VS LEARNING POWER

It is known that DNNs are inefficient in the use of their full
learning power (measured as the number of parameters with
respect to the degrees of freedom). Although many papers
exist that exploit this feature to produce compressed DNN
models with the same accuracy of the original models [24]
we want here to measure how efficiently each model uses
its parameters. We follow [4] and measure it as Top-1 accu-
racy density, i.e. Top-1 accuracy divided by the number
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Fig. 16. Prototype system connects 36 chips on the package.

B. Floorplan

The physical floorplan in Fig. 14 largely reflects the logical
NoC mesh network shown in Fig. 7. Physical partition reuse
was critical to reducing the design effort. Each of the 16 PE
partitions is identical and is designed so that the IO pins
connect by abutment. The off-chip communication partitions
(GRS, JTAG, and GPIO) are placed on the edge of the chip
to avoid disturbing power delivery to the PEs in the center of
the chip. The eight GRS partitions are identical and designed
so that they can be mirrored across the X and Y dimensions
while still abutting correctly to the power grid. The GRS
partition floorplan, shown in Fig. 15, contains the custom
layout transceivers in the center. The connections to the
140-µm pitch bumps are made with length-matched and
shielded wires on the redistribution layer. The t-coils, electro-
static discharge (ESD) devices, decoupling capacitance, and
link calibration circuits are implemented with digital place-
and-route. The JTAG and GPIO partitions use standard 1.8-V
IO devices to communicate off-chip. The NoP contains the
most difficult timing paths because it synchronously commu-
nicates with every GRS macro, so it requires careful pipelining
and clock distribution.

C. Clocking

Each partition in the design is clocked by an adaptive clock
generator in the center of the partition and is asynchronous to
other partitions. The latency cost of synchronization between
clock domains is mitigated with the use of pausible bisynchro-
nous FIFOs [26], [27]. Each partition can run at independent
frequencies, so physically large partitions, such as the NoP, can
run at a slower frequency than the PEs. The FIFOs between
each partition are five entries deep to support the latency of
conventional synchronizers in a backup mode.

A JTAG interface is used to configure the chip during the
boot process. Every partition has a separate JTAG tap con-
troller to avoid synchronous paths between partitions, and the
entire chip consists of a chain of 31 controllers with the JTAG
signals serially snaked through the chip. The reset is toggled
through the JTAG interface and is synchronized into each
local clock domain. A high-frequency reference clock for GRS
(1.56 GHz), a low-frequency testing clock for measurement
circuits in each partition (100 MHz), and a global on-chip
clock are distributed as a tree from the JTAG partition.

Fig. 17. Bench measurement setup.

V. EXPERIMENTAL RESULTS

A. Test Setup

Fig. 16 shows the prototype package with 36 chips and
Fig. 17 shows the bench measurement setup. The test package
is mounted on a custom PCB with voltage regulators, clock
generators, and power measurement circuitry. The test board
connects via FPGA Mezzanine Card (FMC) to a Xilinx
VCU118 FPGA board, which is connected to a host PC
via peripheral component interconnect express (PCIE). The
FPGA communicates with the prototype via the GPIO inter-
face of one of the chips. The FPGA fabric implements an
AXI interconnect that shares the global memory map of the
prototype system, allowing the RVPs to access the FPGA
state that includes 4 GB of DRAM. To execute an inference
operation, a RISC-V program, which includes all weights,
input activations, and configuration settings, is loaded into
FPGA DRAM. The RVPs then execute the program, fetching
from DRAM, and loading state into the PEs and GBs before
initiating layer execution.

B. NoP Performance

Each data lane operates at a configurable speed between
11 and 25 Gb/s and consumes 0.82–1.75 pJ/bit. The power
breakdown is similar to a prior implementation [20], except
that there are four forwarded data lanes per clock lane instead
of eight. Power is constant regardless of traffic because the
links in this prototype have no optimizations, such as sleep
mode, to reduce power during periods of inactivity. Compared
to previous interconnect on organic substrates for MCM sys-
tems [14], GRS has about 3.5× higher bandwidth per chip area
and lower energy per bit. Measurements show an eye opening
of 0.7 UI at 25 Gb/s.

C. Peak Performance

Table I compares our system to prior inference accelerators
with 8-bit precision running a peak performance benchmark
that saturates MACs on each chip. The voltage range differs
between single-chip and multi-chip systems because GRS has
a minimum frequency requirement that limits the minimum
operating voltage. The digital core efficiency numbers exclude
chip-to-chip interconnect power for comparison purposes.
At peak performance mode, this fixed power overhead is less
than 5% of overall power, but it becomes more significant
at minimum voltage. Overall the prototype achieves between
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Fig. 13. Chips communicate on the package using GRS.

much lower data rates, and the expense is impractical for
many markets. Unlike silicon interposer transceivers, GRS can
communicate with other packages through the printed circuit
board (PCB) at the same speed with the same circuits, so the
prototype system size is not limited to a single package and
could scale further through either denser packing of chips on
the package or multiple packages on a PCB.

Since each GRS link is unidirectional, credit-based flow
control is used where credits are returned using the GRS link
running in the opposite direction. Data sent from the NoP
router to the GRS TX is written to a 15-word, 128-bit FIFO
memory using the NoP router clock. This same memory is
read as a 32-word, 60-bit FIFO by a 1.56-GHz GRS word
clock, such that the same FIFO memory is used for both clock
domain crossing and splitting the data into 60-bit words. Four
bits of header are added per word to signify when data is valid
or partially valid and to pass credits. The 64-bit words are then
sent to high speed 16:1 serializers to drive the four data wires.
This process is reversed in the GRS RX to reconstitute data
for the receiving NoP router.

Buffering of full packets is used along with the GRS NoP
and GPIO interfaces; in the former case, to ensure that no
stalling occurs mid-packet when sending across the GRS
interface, and in the latter case to ensure that the much slower
GPIO interface does not tie up routing resources while flits
are being transmitted or received off-chip. The total packet
length is limited by these interfaces to 17 flits (1 header and
16 payloads).

IV. MCM SOC IMPLEMENTATION

The 6 mm2 inference accelerator [21] was fabricated in a
TSMC 16-nm FinFET process, and 36 chips were assembled
on a 12-layer organic substrate.

A. HLS-Based Agile Design Methodology

The test chip was designed with a high-productivity very
large scale integration (VLSI) design methodology [22], which
enabled 24-h turnaround from design changes to a tape-out-
ready GDS. Most of the design was described in C++ using
an open-source library of commonly used micro-architectural
components called MatchLib [23] and synthesized into Verilog
using an industry-standard high-level synthesis (HLS) tool.

Fig. 14. Chip micrograph annotated with the floorplan of the chip.

Fig. 15. Floorplan of the chip-to-chip GRS interconnect partition.

The design was intentionally modularized into partitions of
around 200 000 gates that avoid tight communication or timing
constraints to other units by using latency-insensitive (LI)
channels [24], [25]. The main partitions in the design are
the PE, GB, RVP, NoP, and GRS, shown as rectangles in
the floorplan in Fig. 14; each was implemented independently
and in parallel with the others to improve turnaround time.
Partitioning the design into smaller units increases the number
of cross-unit boundaries, while larger units increase place-and-
route runtime. An agile hardware implementation flow using
fully automated synthesis and place-and-route tools provided
daily feedback about timing, area, and power consumption as
the design was optimized. Engineering change orders (ECOs)
were avoided entirely by making changes directly in the
source code and reimplementing the entire unit. In parallel
with VLSI trials, the entire design was prototyped on an
FPGA so that software development occurred in parallel with
hardware development, which revealed many critical bugs
well before tape-out. Overlapping architectural design, VLSI
implementation, and software design ensured that effort was
focused on improving the final quality-of-result.
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Fig. 7. Units are connected in a mesh NoC.

initiate requests, while the PEs and GBs implement AXI slaves
to service requests to the local state. To simplify the AXI
slave logic in the highly replicated PE, no write responses are
generated anywhere in the system.

Custom hardware extensions to the AXI master block enable
the RVP to exploit features of the system that reduce com-
munication latency during runtime. A portion of the global
address space is reserved for multicast requests: by writing to
a particular global address, the RVP’s AXI write is converted
into a multicast packet that writes the same data to the same
local address of a configurable subset of the PEs on the chip or
the RVPs in the MCM system. The RVP’s hardware interrupt
lines are also memory-mapped so that a write to a particular
address can trigger an interrupt.

The NoC routers are connected in a mesh network, as shown
in Fig. 7. Each NoC transaction is encoded in a packet that
is composed of one or more 66-bit flits. A flit is composed
of 64 bits of data and 2 bits of flit identification, indicating a
header, body, or tail flit. Singleton flits are indicated by setting
both the header and tail bits. The header flit’s 64 bits of data
are for packet routing and other metadata; subsequent flits
contain the packet payload. The NoC supports both unicast
and multicast traffic, and routes are specified in the header
flit with a bit indicating whether the packet is unicast or
multicast. Multicast is one-hot encoded and can address all
36 chips in the system and 20 NoC destinations; this infor-
mation consumes 56 header bits. Unicast packet destinations
are binary encoded, consuming 6 bits for network-on-package
(NoP) destinations and five for NoC destinations. Therefore
unicast headers have available header bits to encode additional
packet-specific information; only certain types of packets can
be multicast due to the large bitwidth of the one-hot multicast
address.

The NoC router implementation uses cut-through routing
with credit-based flow control and is pipelined to operate at
full throughput and two cycles of latency. At 0.72 V, each link
of the NoC achieves 70-Gb/s bandwidth.

D. PE

Most computation is done by the PE in Fig. 8, which exe-
cutes convolutional layers, fully-connected layers, and post-
processing functions like bias addition, rectified linear unit
(ReLU), and pooling. A PE has eight lanes, each using a
different weight tensor to generate elements for a separate
output channel (K). Within each lane, an 8-bit precision vector
MAC multiplies eight input elements from separate input

Fig. 8. Architecture of the PE.

channels (C) with eight weight elements and sums them to
calculate a single output value. As the numbers of input
and output channels (C and K) generally range from 64 to
1024, performing vector operations in sets of eight elements
is very efficient. Local input activation, output activation, and
accumulation SRAMs buffer data for the datapath. Minimizing
the accesses to these SRAMs is critical to maximizing energy
efficiency. The input activation SRAM is read every cycle, but
the energy cost is amortized by distributing each element to
eight lanes. The weight SRAM is much wider than the input
activation SRAM as it needs to supply a separate vector of
values to each lane in the datapath, but the weights remain
constant for multiple inputs, so the values are reused P ×
Q times. The accumulation SRAM is written every cycle to
hold partial sums, but energy is amortized by writing the
accumulation of the eight-wide vector of C channels. The
output size P × Q is generally larger than the number of entries
in the accumulation buffer, so the computation is temporally
tiled to generate a subset of output activation dimensions at
a time. The accumulation buffer can also be written through
the router from other PEs to perform cross-PE reduction when
the weight kernel is split between multiple PEs. Once the full
accumulation is complete, each PE performs the final post-
processing functions, such as ReLU, bias addition, pooling,
scaling, or truncation, to compute the final output activation.
The accumulation buffer is split into two banks to allow
simultaneous access for the local MACs, the router, and the
post-processing unit; the arbitration crossbar resolves bank
conflicts.

PE power was simulated on the post-synthesis gate-level
netlist using activity traces from a representative workload,
and a breakdown of PE energy is shown in Fig. 9 at 0.72 V.
The measured PE energy correlates to the simulated energy
within 10% across a range of benchmarks. The largest con-
sumer of energy is the accumulation buffer SRAM, due to the
writing of 192 bits every cycle. The second-largest consumer
is the datapath, which performs the MAC operations. Since the
input buffer output is shared between multiple lanes, and the
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q 1 PowerPC Processor Element
§ Funções de controle
§ Sistema Operacional

q 8 Synergistic Processor 
Elements
§ ArquiteturaSIMD RISC
§ Processamento de alto 

desempenho

q Element Interconnect Bus
§ Rede intra-chip de alto 

desempenho

q Dispositivos de entrada e saída
§ Memory Interface Controller
§ I/O Controller
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Half-adder (HA): Truth table and block diagram

Full-adder (FA): Truth table and block diagram

x    y    c     c    s 
---------------------- 
0    0    0     0    0 
0    0    1     0    1 
0    1    0     0    1 
0    1    1     1    0 
1    0    0     0    1 
1    0    1     1    0 
1    1    0     1    0 
1    1    1     1    1 
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x    y    c     s 
---------------- 
0    0    0     0 
0    1    0     1 
1    0    0     1 
1    1    1     0 
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Somador:  HA e FA
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Somador Completo – Full Adder (FA)

𝑺 = 𝑨	 ⊕ 𝑩	 ⊕ 𝑪	𝒊

𝑺 = 𝑨. )𝑩. )𝑪𝒊 + )𝑨. 𝑩. )𝑪𝒊 +	 )𝑨. )𝑩. 𝑪𝒊 +	𝑨. 𝑩. 𝑪𝒊

𝑪𝒐 = 𝑨.𝑩 + 𝑩. 𝑪𝒊 + 	𝑨. 𝑪𝒊

A B Ci S Co
0 0 0 0 0
0 0 1 1 0
0 1 0 1 0
0 1 1 0 1
1 0 0 1 0
1 0 1 0 1
1 1 0 0 1
1 1 1 1 1

a\bc 00 01 11 10
0 1 1
1 1 1

Soma:

a\bc 00 01 11 10
0 1
1 1 1 1

Co:

somador
completo

Cout Cin

A        B

soma
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Somador Completo - CMOS Estático Complementar
28 transistores

FA - Diagrama de transistores

𝑺 = 𝑨. )𝑩. )𝑪𝒊 + )𝑨. 𝑩. )𝑪𝒊 +	 )𝑨. )𝑩. 𝑪𝒊 +	𝑨. 𝑩. 𝑪𝒊  =  𝑨 + 𝑩 + 𝑪 . 𝑪𝒐 + 𝑨.𝑩. 𝑪𝒊

𝑪𝒐 = 𝑨.𝑩 + 𝑩. 𝑪𝒊 + 	𝑨. 𝑪𝒊 𝑪𝒐 = )𝑨. )𝑩 + )𝑨. )𝑪𝒊 + )𝑩. )𝑪𝒊

! "

"

!

#A

#A !

B

CDD

CDD

! "

#A "!

" CDD

!

"

#A

#A

!

"

! #A"

#(

CDD

)



8

Uma estrutura melhor: somador Mirror
!""

#A
B

CCB

C

B

B C
DA((

)G+G,-KG/0/12,P4-5-KG

/S/12,P4-5-KG

!""

#A

B C #A

#A

C

B

#A

B

CCB

!""

7#P

!"#$%&'()($*%(• Planos NMOS e PMOS simétricos

• Tempos de propagação de subida e descida idênticas se os dispositivos NMOS e 
PMOS estiverem dimensionados corretamente. 

• Máximo de dois transistores em série no circuito de geração de carry

Diagrama de transistores
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Somador Mirror

Weste. P 432

Diagrama de transistores
Chapter 11     Datapath Subsystems432

extra delay computing S is unimportant. Figure 11.4(c) shows the adder with transistor
sizes optimized to favor the critical path using a number of techniques:

 

! Feed the carry-in signal (C ) to the inner inputs so the internal capacitance is 
already discharged.

 

! Make all transistors in the sum logic whose gate signals are connected to the carry-
in and carry logic minimum size (1 unit, e.g., 4 Q). This minimizes the branching 
effort on the critical path. Keep routing on this signal as short as possible to reduce 
interconnect capacitance.

 

! Determine widths of series transistors by logical effort and simulation. Build an 
asymmetric gate that reduces the logical effort from C to Cout at the expense of 
effort to S.

S

(a)

(b)

S

Cout

A B

C

B

A

Cout

C

A

A

BB

S

A B C

A B C

A

B

C

B

C

A

8 8

8

4

4 4 1

1

1

1

1

1

1

1

1 1

1 1 1

1

1

1

1

1

A

B

C

Cout

MINORITYA
B
C Cout

Cout

SS
A
B
C

(c)

MINORITY

FIGURE 11.4  Full adder for carry-ripple operation
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!"# A

BCC

D(C

A

!)

# !" !) !" # A

G

Somador Mirror – Diagrama Stick



(1)  RIPPLE CARRY

FA
Ci,0Co,0

A3 B3

S3

FA
Co,1

A2 B2

S2

FA
Co,2

A1 B1

S1

FA
Co,3

A0 B0

S0

Pior caso de atraso é linear com o número de bits: Td = O (N)

Tadder = N . t FA

bits tFA tmux T freq (MHz)
64 50ps 10ps Ripple 64*50ps 312,5

Exemplo:
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FA

a b5 5

FA

a b4 4

FA

a b3 3

FA

a b2 2

FA

a b1 1

FA

a b0 0

5 4 3 2 1 0s s s s s s

Cin  

Cout

FA

a b5 5

5s

FA

a b4 4

4s

FA

a b3 3

3s

FA

a b2 2

2s

FA

a b1 1

1s

FA

a b0 0

0s5c

6c
Overflow Å

Cin  

Soma  - carry out e overflow
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Soma  - carry out e overflow

1 1 1 1 1 1 1 1
0 1 0 1 0 1 0 1+

1  0 1 0 1 0 1 0 0    

1 1 1 1 1 1 1 Meio-somador (HA)

Somador completo (FA)

Cout

Cin

Hexadecimal:   FF + 55 = (1) 54
Unsigned:  255 + 85 = 84 (errado, Cout=1)
2’s comp:  -1 + 85 = 84 (certo – Overflow=0)  

Overflow

Å

Cout
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M = 1à subtrator
M = 0à somador

Somador / subtrator

Subtração:    a – b è a + b +1
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Propriedades do FA

somador
completo

Cout Cin

A        B

soma

Propagação e Geração

𝑝! = 𝑎! 	⊕ 𝑏!

𝑔! = 𝑎!	. 𝑏!
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Propagação e Geração - Cout

𝐶#$% = ,𝑎. 𝑏. 𝑐 + 𝑎. ,𝑏.c + 𝑎. 𝑏. ̅𝑐 +𝑎. 𝑏.c
𝐶#$% = 𝑐. (,𝑎. 𝑏 + 𝑎. ,𝑏) + 𝑎. 𝑏

𝐶#$% = 𝑐. (𝑎 ⨁ 𝑏 ) + 𝑎. 𝑏

𝑝! = 𝑎! 	⊕ 𝑏! 𝑔! = 𝑎!	. 𝑏!

𝐶#$% = 𝑐. 𝒑 + 𝒈

Ou seja: o carry é gerado 
quando temos geração (g=1) ou 
propagação e carry de entrada igual a ‘1’



17

Propagação e Geração

C MOS VLSI Design - Weste

Soma: 𝑠& = 𝑎& 	⊕ 𝑏& ⊕ 𝐶&'
𝑔& = 𝑎& 	. 𝑏& 𝒔𝒊 = 𝒑𝒊 ⊕ 𝑪𝒊𝒏

𝑝& = 𝑎& 	⊕ 𝑏&

𝑪𝒐𝒖𝒕 = 𝒄. 𝒑 + 𝒈Cout: 11.2      Addition/Subtraction 439

S1

B1A1

P1G1

G0:0

S2

B2

P2G2

G1:0

A2

S3

B3A3

P3G3

G2:0

S4

B4

P4G4

G3:0

A4 Cin

G0 P0

C0C1C2C3

Cout

C4

FIGURE 11.14  4-bit carry-ripple adder using PG logic

D
elay

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

Bit Position

FIGURE 11.15  Carry-ripple adder group PG network

11.2      Addition/Subtraction 439
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B1A1

P1G1

G0:0

S2

B2

P2G2

G1:0

A2

S3

B3A3

P3G3

G2:0

S4

B4

P4G4

G3:0

A4 Cin

G0 P0

C0C1C2C3

Cout

C4

FIGURE 11.14  4-bit carry-ripple adder using PG logic

D
elay

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

Bit Position

FIGURE 11.15  Carry-ripple adder group PG network
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(2) Carry select adder – 1 estágio com 4 bits
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#( %(

!"

&(

!"

#F %F

!"

&F

*+,-

*./

0F1

0(1

Duplica a geração da soma e do carry para cada bit

O Cout do estágio é escolhido entre os couts calculados no estágio anterior
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Carry select adder – 3 estágios de 4 bits
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&F

*+,- *./

0F1

0(1

!"

#A %A

!"

&A

!"

#' %'

!"

&'

!"

#( %(

!"

&(

!"

#F %F

!"

&F

*+,- *./

0F1

0(1

!"

#A %A

!"

&A

!"

#' %'

!"

&'

!"

#( %(

!"

&(

!"

#F %F

!"

&F

*+,- *./

0F1

0(1

Bits 0..3Bits 4..7Bits 8..11

• Vantagem: todos os n grupos calculam em paralelo os valores da soma para 
os dois possíveis valores de carry de entrada

• A escolha de qual soma é a correta é feita pela propagação do carry através 
dos multiplexadores  (marcados na cor cinza)

Carry Select Adder
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T = tsetup +M.tcarry +
N
M
−1

"

#
$

%

&
'.tmux + tsoma

Carry select adder – 3 estágios de 4 bits

!"

#A %A

!"

&A

!"

#' %'

!"

&'

!"

#( %(

!"

&(

!"

#F %F

!"

&F

*+,- *./

0F1

0(1

!"

#A %A

!"

&A

!"

#' %'

!"

&'

!"

#( %(

!"

&(

!"

#F %F

!"

&F

*+,- *./

0F1

0(1

!"

#A %A

!"

&A

!"

#' %'

!"

&'

!"

#( %(

!"

&(

!"

#F %F

!"

&F

*+,- *./

0F1

0(1

Bits 0..3Bits 4..7Bits 8..11

Simplificando:
𝑇 = 𝑀. 𝑡+, +

𝑁
𝑀
. 𝑡-$.

Carry Select Adder

Exemplo:
bits tFA tmux T freq (MHz)
64 50ps 10ps Ripple 64*50ps 312,5

Select 4*50ps+16*10ps 2.777,8
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Square Root Carry Select 

https://en.wikipedia.org/wiki/Carry-select_adder



(3)  Somador Carry-Bypass
Bloco básico

Idea: If (P0 and P1 and P2 and P3 = 1)
then Co3 = C0

FA
Ci,0Co,0

A3 B3

S3

FA
Co,1

A2 B2

S2

FA
Co,2

A1 B1

S1

FA
Co,3

A0 B0

S0

M
ul

tip
le

xa
do

r

Cout

C3 = G3 + P3.C2
C3 = G3 + P3.( G2 + P2C1)
….
C3 = G3 + P3G2 + P3P2G1 + P3P2P1G0 + P3P2P1P0Cin

BP = P3.P2.P1.P0

Se não há propagação o carry é gerado!

22

𝑔& = 𝑎& 	. 𝑏&

𝑝& = 𝑎& 	⊕ 𝑏&

𝑪𝒐𝒖𝒕 = 𝒄. 𝒑 + 𝒈
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Construção do bypass de n bits

Cout

Bits 12-15

By-pass
4 bits

Co,3

S(4 bits)

Bits 0-3

By-pass
4 bits

Co,3

S(4 bits)

Bits 4-7

By-pass
4 bits

Co,3

S(4 bits)

Bits 8-11

By-pass
4 bits

Co,3

S(4 bits)

Cin

Propagação do vai-um só ocorre no primeiro e último estágio

Somador Carry-Bypass
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Cout

11 + 01

By-pass
2 bits

00

11 + 01

By-pass
2 bits

00

11 + 01

By-pass
2 bits

00

11 + 01

By-pass
2 bits

00

Cin

11 11  11  11
01 01  01  01+

Tempo 0

0

As soma ocorrem sem o carry

Somador Carry-Bypass

0 0 0

1111
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1

11 + 01

By-pass
2 bits

1

01

11 + 01

By-pass
2 bits

1

00

11 + 01

By-pass
2 bits

1

01

11 + 01

By-pass
2 bits

1

01

Cin

11 11  11  11
01 01  01  01+

Tempo 1

0 0 0 0 

O carry é considerado

Somador Carry-Bypass
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Cout
Co,3

SOMA SOMA SOMA SOMA

Soma SomaSomaSoma

Co,3Co,3Co,3 Cin

!"#$%$&&'#()%$&&'!*+(, ++-+
-
.+-+/ +−+






 −++= !"#$"#"

M à número de bits em cada estágio
N à número total de bits
Tsetup – tempo para calcular em paralelo os p,g
Tcarry – tempo de propagação do vai-um em M bits

Gera
p / g

Gera
p / g

Gera
p / g

Gera
p / g

Propag. 
do carry

Propag. 
do carry

Propag. 
do carry

Propag. 
do carry

Simplificando:
𝑇 = 2.𝑀. 𝑡+, +

𝑁
𝑀
. 𝑡-$.

Somador Carry-Bypass (página 572 livro texto)

bits tFA tmux T freq (MHz)
64 50ps 10ps Ripple 64*50ps 312,5

Select 4*50ps+16*10ps 2777,8
Bypass 8*50ps+16*10ps 1785,7
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11 11  11  11
01 01  01  01+

bits de bypass:
 p0.p1 = (a0Åb0) . (a1Åb1)  

Exemplo 1 (supondo estágio de dois bits):
Etapa 1:  calcula os carrys e os bits de by-pass, sem propagação de vai-um
Etapa 2:  realiza a soma em função dos bits de carry e bypass

• Não há nenhum bit de bypass
• O ganho está no fato que o vai-um de cada estágio é calculado em paralelo

bits de vai-um Somas sem vai-um
(todas em paralelo)

00  00  00 00    

0       0       0      0 

1 1       1       1

Mux Out
1 1       1       1

Soma  inicial

1  01  01  01 00    
Soma em cada estágio 

levando em conta a 
saída dos 

multiplexadores

Somador Carry-Bypass
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1       1       1      0 

Exemplo 2 (supondo estágio de dois bits):

• Dado que todos os bits de bypass são calculados em paralelos, 
todas as parcelas irão receber o vai-um do primeiro estágio

11 11  11  11
00 00  00  01+

bits de bypass:
 p0.p1 = (a0Åb0) . (a1Åb1)  

bits de vai-um Somas sem vai-um
(todas em paralelo)

11  11   11 00    
0      0       0        1

Mux Out
1 1       1       1

Soma  inicial

1  00  00  00 00    
Soma em cada estágio 

levando em conta a 
saída dos 

multiplexadores

Somador Carry-Bypass



(4) Carry Look-Ahead
• Mesmo princípio: um bloco básico seguido de n instâncias do bloco básico

• PRINCIPAL DIFERENÇA: o cálculo do vai-um é feito por uma porta lógica

• LIMITAÇÃO: atraso da porta lógica limita o uso do bloco básico do CLA em 4 bits

29

C0 = cin

C1 = c0p0 + g0

C2 = c0p0p1 + g0p1+ g1

C3  = c2p2 + g2
       = c0p0p1p2+ g0p1p2+g1p2 +g2

C4 = c3p3 + g3
      = c0p0p1p2p3 + g0p1p2p3 + g1p2p3 + g2p3 + g3

• Na prática: ripple cary de 4 bits e cálculo de C4
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Carry Look-Ahead

Chapter 11     Datapath Subsystems444

where tpg(n) is the delay of the AND-OR-AND-OR-…-AND-OR gate computing the
valency-n generate signal. This is no better than the variable-length carry-skip adder in
Figure 11.19 and requires the extra n-bit generate gate, so the simple CLA is seldom a
good design choice. However, it forms the basis for understanding faster adders presented
in the subsequent sections.

CLAs often use higher-valency cells to reduce the delay of the n-bit additions by com-
puting the carries in parallel. Figure 11.23 shows such a CLA in which the 4-bit adders are
built using Manchester carry chains or multiple static gates operating in parallel. 

11.2.2.7 Carry-Select, Carry-Increment, and Conditional-Sum Adders  The critical path
of the carry-skip and carry-lookahead adders involves calculating the carry into each n-bit
group, and then calculating the sums for each bit within the group based on the carry-in.
A standard logic design technique to accelerate the critical path is to precompute the out-
puts for both possible inputs, and then use a multiplexer to select between the two output
choices. The carry-select adder [Bedrij62] shown in Figure 11.24 does this with a pair of

012345678910111213141516

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:016:0

FIGURE 11.22  Carry-lookahead adder group PG network

012345678910111213141516

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:016:0

FIGURE 11.23  Improved CLA group PG network

C4 = c0p0p1p2p3 + g0p1p2p3 + g1p2p3 + g2p3 + g3

Tempo para o estágio

Propagação entre os estágios



Equações – livro texto

T = tsetup +M.tcarry +
N
M
−1

"

#
$

%

&
'.tmux + tsomaCarry select:

Ripple carry:

€ 

T = (N −1).tcarry + tsoma

CLA:

€ 

T =
N
M

−1
# 

$ 
% 

& 

' 
( .tCLA + (M −1).tcarry + tsoma

LOG (Sklansky):

€ 

T = tsetup + M .tcarry + log2 N.tBK + tsoma
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Carry Bypass: !"#$%$&&'#()%$&&'!*+(, ++-+
-
.+-+/ +−+






 −++= !"#$"#"



Equações – simplificando

Carry Bypass: T = 2 .M.tFA +
N
M
⎛

⎝
⎜

⎞

⎠
⎟. tmux

Ripple carry: T = N . tFA

CLA:

LOG (Sklansky):

€ 

T = tsetup + M .tcarry + log2 N.tBK + tsoma
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T = tsetup +M.tFA +
N
M
−1

"

#
$

%

&
'.tCLA

T =M.tFA +
N
M
⎛

⎝
⎜

⎞

⎠
⎟.tmuxCarry select:



Comparação do tempo de propagação do 
vai-um dos diversos somadores
(equações do livro texto)
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Fazendo um zoom

Mais bits (até 256)

34



Estimativa do número de transistores

Ripple:  28 transistores * número de bits do somador
Bypass:  bloco básico de 4 bits:  32*4 + 6(mux) + 8(nand) = 142
Select:   [(28(FA)+28(FA)+6(MUX)]*4+6(mux)= 254
CLA: bloco básico:  28*4 + 20= 132 (supondo que só há célula de vai-um para geração 
de vai-um na saída do estágio)

bits RIPPLE Bypass Select CLA SKL

4 112 142 254 132 142

8 224 284 508 264 350

16 448 568 1016 528 822

32 896 1136 2032 1056 1878

64 1792 2272 4064 2112 4214

128 3584 4544 8128 4224 9334

256 7168 9088 16256 8448 20470



Número de transistores Carry-Bypass

Bypass:  bloco básico de 4 bits: 
32*4 + 6(mux) + 8 (nand 4 entradas) = 142

!
"

#ABCA

'

XNOR

!"

#AB#C'()*)#AB+,)-).#C'(

. ,

/C0
1

,

2)(31B/A/(C34/

56)(31B/A/(C34/

57)(31B/A/(C34/

p = A ÅBi g =A .B



 
1. (3,5) Considere o circuito abaixo, composto por 2 entradas de 48 bits (A e B), e duas saídas 

(soma_out de 48 bits, e carry_out).  O tempo de um estágio em um circuito pipeline 
compreende o atraso devido aos registradores e à lógica combinacional. Os operandos A e B 
são armazenados no FFs de entrada e somados. Os FFs de saída (segundo estágio) armazenam 
a soma das entradas do ciclo de clock anterior.  O projetista tem por restrição de projeto a 
frequência de operação deste circuito maior ou igual a 1 GHz, com o menor consumo de área 
de silício possível (ou seja, número de transistores).  Os componentes que o projetista possui 
são:  
- Flip-flop D, com tempo de propagação DàQ igual a 25ps e o tempo de setup igual a 5ps. 
- Somador completo (FA), com tempo de propagação igual a 90ps. 
- Multiplexador, com tempo de propagação igual a 20ps. 

 
Dentre as opções para soma, o projetista deve considerar:  ripple carry, carry-bypass com estágio de 4 bits, e carry-select com estágio de 4 bits. 

 
                 Estágio de 4 bits do carry-bypass      Estágio de 4 bits do carry-select 
 

a) (3,1) Complete a tabela abaixo, considerando os três somadores. 

  
FF  

DàQ (ps) 
FF 

tSetup (ps) 

Somador de 48 bits (ps) Atraso do 1º 
estágio (ps) 

Freq. de 
operação do 
circuito (GHz) 

Número de 
transistores Atraso (ps) 

Circuito com somador 
ripple-carry 

25 5 
0,3 0,3 0,1 0,2 

Circuito com somador 
carry-bypass 

25 5 
0,4 0,4 0,1 0,2 

Circuito com somador 
carry-select 

25 5 
0,4 0,4 0,1 0,2 

b)  (0,4) Qual a arquitetura de somador escolhida pelo projetista? Justifique a resposta em função da frequência de operação e do custo em área do somador 
de 48 bits. 

Q

QSET

CLR

D
A

clock

Q

QSET

CLR

D
soma_outsoma

Q

QSET

CLR

D
B

clock

clock

A

B
+

48

48

48

48

48 48

Q

QSET

CLR

D
carry_out

clock

carry_out

FF

FF
FF

FF

Exercício
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ABC

D
E

F*+F,

!

!!"#

ABC

D
-+.L0+12-+.L

!

!!"#

ABC

D
3

F*+F,

F*+F,

E

3
4

RS

RS

RS

RS

RS RS

!

!!"#

ABC

D
FLTT80+12

F*+F,

FLTT80+12

99

99
99

99



 
1. (3,5) Considere o circuito abaixo, composto por 2 entradas de 48 bits (A e B), e duas saídas 

(soma_out de 48 bits, e carry_out).  O tempo de um estágio em um circuito pipeline 
compreende o atraso devido aos registradores e à lógica combinacional. Os operandos A e B 
são armazenados no FFs de entrada e somados. Os FFs de saída (segundo estágio) armazenam 
a soma das entradas do ciclo de clock anterior.  O projetista tem por restrição de projeto a 
frequência de operação deste circuito maior ou igual a 1 GHz, com o menor consumo de área 
de silício possível (ou seja, número de transistores).  Os componentes que o projetista possui 
são:  
- Flip-flop D, com tempo de propagação DàQ igual a 25ps e o tempo de setup igual a 5ps. 
- Somador completo (FA), com tempo de propagação igual a 90ps. 
- Multiplexador, com tempo de propagação igual a 20ps. 

 
Dentre as opções para soma, o projetista deve considerar:  ripple carry, carry-bypass com estágio de 4 bits, e carry-select com estágio de 4 bits. 

 
                 Estágio de 4 bits do carry-bypass      Estágio de 4 bits do carry-select 
 

a) (3,1) Complete a tabela abaixo, considerando os três somadores. 

  
FF  

DàQ (ps) 
FF 

tSetup (ps) 

Somador de 48 bits (ps) Atraso do 1º 
estágio (ps) 

Freq. de 
operação do 
circuito (GHz) 

Número de 
transistores Atraso (ps) 

Circuito com somador 
ripple-carry 

25 5 
0,3 0,3 0,1 0,2 

Circuito com somador 
carry-bypass 

25 5 
0,4 0,4 0,1 0,2 

Circuito com somador 
carry-select 

25 5 
0,4 0,4 0,1 0,2 

b)  (0,4) Qual a arquitetura de somador escolhida pelo projetista? Justifique a resposta em função da frequência de operação e do custo em área do somador 
de 48 bits. 

Q

QSET

CLR

D
A

clock

Q

QSET

CLR

D
soma_outsoma

Q

QSET

CLR

D
B

clock

clock

A

B
+

48

48

48

48

48 48

Q

QSET

CLR

D
carry_out

clock

carry_out

FF

FF
FF

FF

48*28=1344

=12*(4*32+6+8)
= 1704

=12*(8*28+30)
=3048

Tempo dos somadores:
tFA =  48 bits * 90ps =  4.320

4350

990

630 

0,230

1,010

1,587

O projetista deve escolher o CARRY-BYPASS, pois ele tem um
número de transistores inferior ao carry-select e atende à
frequência especificada.

tCS =  (48/4) * 20ps +   4 * 90   =   600 

tBP =  (48/4) * 20ps +   2*(4 * 90)   =   960

!"

#AB#C'()*)#AB+,)-).#C'(

. ,

/C0
1

,

2)(31B/A/(C34/

56)(31B/A/(C34/

57)(31B/A/(C34/

32
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Somador Atraso do somador (128 bits)
RC = 128 * 120 = 15.360 ps
CS4 = (4*120) + 32*32 = 480 + 1024 = 1.504 ps
CS8 = (8*120) + 16*32 = 960 + 512 = 1.472 ps
CBP4 = 2*(4*120) + 32*32 = 960 + 1024 = 1.984 ps
CBP8 = 2*(8*120) + 16*32 = 1920 + 512 = 2432 ps

b/ 625 MHz ?  Escolhe-se o CS8
c/  T = 100 + 20 + 1472 = 1.592 ps à f= 628 MHz

Estágio de 4 bits  (128/4) à 32 estágios
Estágio de 8 bits  (128/8) à 16 estágios

Somadores. Considere 5 somadores, com as seguintes configurações:
a. ripple carry (RC)
b. carry-select com estágio de 4 bits (CS4)
c. carry-select com estágio de 8 bits (CS8)
d. carry-bypass com estágio de 4 bits (CBP4)
e. carry-bypass com estágio de 8 bits (CBP8)



Somador Logarítmico 

q Todos os somadores log2(n) iniciam por um 
cálculo em árvore

Cálculo dos pi e gi

P     ,G15,015,0

P   ,G7,07,0

P   ,G3,03,0

P   ,G1,01,0

c8

c4

c2

40



Célula de Brent et Kung
Nome dado ao conjunto de portas lógicas que 
calcula:

Exemplos de combinações:

Gi,k  = Gi,j + Pi,j . Gj-1,k

Pi,k   = Pi,j . Pj-1,k

P   ,G3,2 3,2 P   ,G1,0 1,0

P   ,G3,0 P   ,G3,0 3,03,0

P   ,G2,0 2,0

P   ,G1,0 1,0

p ,g3 3 2 2 1 1 0 0p ,g p ,g p ,g p ,g3 3 2 2 1 1 0 0p ,g p ,g p ,g

(propagação do vai-um entre bits i e k)
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Somador de Sklansky em tempo log2(n)

Geração das somas Åsi = pi Gi-1,0

Cálculo dos pi e gi

!"#$%&'()*"!"""#"$"%"&

42



Sklansky – bits 0 a 10

g1, p1

G10
p2

S2

g2, p2

G20
p3

S3

g3, p3

G30
p4

S4

g4, p4

G40
p5

S5

g5, p5

G50
p6

S6

g6, p6

G60
p7

S7

g7, p7

G70
p8

S8

g9, p9

G90
p10

S10

g8, p8

G80
p9

S9

g0, p0

g0
p1

S1

G98 = g9 + p9g8

P98 = p9p8

G76 = g7 + p7g6

P76 = p7p6

G54 = g5 + p5g4

P54 = p5p4

G32 = g3 + p3g2

P32 = p3 p2

G10 = g1 + p1g0

P10 = p1 p0

G74=G76+ P76G54
P74 = P76  P54

G64= g6 + p6 G54

P64 = p6 P54

G30 = G32+ P32 G10

P30 = P32 P10

G70=G74+P74G30

P70 = P74 P30

G60=G64+P64G30

P60 = P64 P30

G50=G54+P54G30

P50 = P54 P30

G90=G98+ P98G70
P90 = p9 P70

G80 =g8 + p8 G70

P80 = p8 P70

G40 = g4 + p4G30

P40 = p4 P30

S0 = p0

G20 =g2 + p2 G10

P20 = p2 P10

Gi = ai . bi
Pi = ai  Åbi

C0C1C2C3C4C5C6
C7

C8C9

43



q Cin = 0
Equação do primeiro carry:

C0 = a0b0+ a0Cin + b0Cin

C0 = a0b0 = g0

Soma do bit 0:

!!!!

"#

!!!

!$%C$C#'"%()*#
!"#$

%"#$ C'

=⊕=
=

⊕⊕=

g1, p1

G10
p2

S2

g0, p0

g0
p1

S1

G10 = g1 + p1g0
P10 = p1 p0

S0 = p0

C0

S0

!"#$%&'()*"!"""#"$"%"&

Detalhando o somador – carry do bit 0



!""

!"""

!"#
$%&#

⊕=
⊕⊕=

!"
#
#

!

"!!!

"!!!

!"
#$#"
%$#"

=
+=
+=

g1, p1

G10
p2

S2

g0, p0

g0
p1

S1

G10 = g1 + p1g0
P10 = p1 p0

S0 = p0

C1

S1

Todas as demais 
somas são 
calculadas desta 
forma

Carry do bit 1 ao 0

Detalhando o somador – carry do bit 1
!"#$%&'()*"!"""#"$"%"&



Detalhando o somador – carry dos bits 3/2

!"#"$!%!%
#"$$$
&$$'$

%"#"$$

%!%!!

#%%!!%!!!

%%#%%%

!!"!
!##$#$
%#$#$%#$C

!!#$%#$C

=+=
++=

++=+=

=+=+=

C2

g1, p1

G10
p2

S2

g2, p2

G20p3

S3

g3, p3

G30
p4

S4

G32 = g3 + p3g2
P32 = p3 p2

G10 = g1 + p1g0
P10 = p1 p0

G30 = G32+ P32 G10
P30 = P32 P10

G20 =g2 + p2 G10
P20 = p2 P10

C3

• C2 é propagado em um nível e 
depende do C1

• C3 é propagado em dois níveis e 
depende da propagação 3-2 e 1-0

46
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Detalhando o somador – carry dos bit 4

!"#"$!%!%
#"$$$$

%"#"$$

%!%!!%!!!

%%#%%%

!!"!
!##$#$%#$C

!!#$%#$C

=+=
++=+=

=+=+=

C4

C3

• Aumento dos níveis de propagação 
em até 3 camadas

g4, p4

G40
p5

S5

g5, p5

G50
p6

S6

g6, p6

G60
p7

S7

g7, p7

G70
p8

S8

G76 = g7 + p7g6

P76 = p7p6

G54 = g5 + p5g4

P54 = p5p4

G74=G76+ P76G54
P74 = P76  P54

G64= g6 + p6 G54

P64 = p6 P54

G70=G74+P74G30

P70 = P74 P30

G60=G64+P64G30

P60 = P64 P30

G50=G54+P54G30

P50 = P54 P30

G40 = g4 + p4G30

P40 = p4 P30

C5C6C7

(G30)
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Expande a equação do carry até o carry ”de entrada” do nível



Detalhando o somador – carry dos bit 5

!"#"$!%!%
#"$$$$

%"#"$$

%!%!!%!!!

%%#%%%

!!"!
!##$#$%#$C

!!#$%#$C

=+=
++=+=

=+=+=

C4

C3

g4, p4

G40
p5

S5

g5, p5

G50
p6

S6

g6, p6

G60
p7

S7

g7, p7

G70
p8

S8

G76 = g7 + p7g6

P76 = p7p6

G54 = g5 + p5g4

P54 = p5p4

G74=G76+ P76G54
P74 = P76  P54

G64= g6 + p6 G54

P64 = p6 P54

G70=G74+P74G30

P70 = P74 P30

G60=G64+P64G30

P60 = P64 P30

G50=G54+P54G30

P50 = P54 P30

G40 = g4 + p4G30

P40 = p4 P30

C5C6
C7

(G30)
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Detalhando o somador – carry dos bit 6

!"#"$!%!%
#"$&%$'&%$(

#"$$$'$$(
#"$$$$$$

$

!!!

%&!%&&!!

%&!%&!&!!

&!!!

!!"!
!"#!#$

!###$#$#$
!###$##$#$

%#$C

=+=
++=

+++=
+++=

+=

C4

C3

g4, p4

G40
p5

S5

g5, p5

G50
p6

S6

g6, p6

G60
p7

S7

g7, p7

G70
p8

S8

G76 = g7 + p7g6

P76 = p7p6

G54 = g5 + p5g4

P54 = p5p4

G74=G76+ P76G54
P74 = P76  P54

G64= g6 + p6 G54

P64 = p6 P54

G70=G74+P74G30

P70 = P74 P30

G60=G64+P64G30

P60 = P64 P30

G50=G54+P54G30

P50 = P54 P30

G40 = g4 + p4G30

P40 = p4 P30

C5C6C7

(G30)

49

!"#$%&'()*"!"""#"$"%"&



!"#"$!%!%
#"$&%$!'($$)!'!'

#"$$$$$$$$$$
$

%&&

%&'!%&'!&'!'!!

'!!!

!!"!
!""#$#"!

!$$$$#$$$#$$#$#
%$#C

=+=
+++=

++++=
+=

!"#$%&'()*"!"""#"$"%"&

g7, p7

G70
p8

S8

G76 = g7 + p7g6
P76 = p7p6

G74=G76+ P76G54
P74 = P76  P54

G70=G74+P74G30
P70 = P74 P30
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Detalhando o somador – carry dos bit 7
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Exemplos de somadores log
11.2      Addition/Subtraction 449

the adder layout is on a regular grid, it will increase power consumption. Despite these
costs, the Kogge-Stone tree is widely used in high-performance 32-bit and 64-bit adders.

In summary, a Sklansky or Kogge-Stone tree adder reduces the critical path to

 (11.19)

An ideal tree adder would have log2 N levels of logic, fanout never exceeding 2, and
no more than 1 wiring track (Gi:j and Pi:j bundle) between each row. The basic tree archi-
tectures represent cases that approach the ideal, but each differ in one respect. Brent-Kung

t t N t tpg AOtree xor~ + ¬­ ¼½ +log2

(a) Brent-Kung

(b) Sklansky

1:03:25:47:69:811:1013:1215:14

3:07:411:815:12

7:015:8

11:0

5:09:013:0

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

1:0

2:03:0

3:25:47:69:811:1013:1215:14

6:47:410:811:814:1215:12

12:813:814:815:8

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

15:0

(c) Kogge-Stone

1:02:13:24:35:46:57:68:79:810:911:1012:1113:1214:1315:14

3:04:15:26:37:48:59:610:711:812:913:1014:1115:12

4:05:06:07:08:19:210:311:412:513:614:715:8

2:0

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

(e) Knowles [2,1,1,1]

1:02:13:24:35:46:57:68:79:810:911:1012:1113:1214:1315:14

3:04:15:26:37:48:59:610:711:812:913:1014:1115:12

4:05:06:07:08:19:210:311:412:513:614:715:8

2:0

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

1:03:25:47:69:811:1013:12

3:07:411:815:12

5:07:013:815:8

15:14

15:8 13:0 11:0 9:0

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

(f) Ladner-Fischer

1:03:25:47:69:811:1013:1215:14

3:05:27:49:611:813:1015:12

5:07:09:211:413:615:8

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

(d) Han-Carlson

FIGURE 11.29  Tree adder PG networks
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Exemplos de somadores log

11.2      Addition/Subtraction 449

the adder layout is on a regular grid, it will increase power consumption. Despite these
costs, the Kogge-Stone tree is widely used in high-performance 32-bit and 64-bit adders.

In summary, a Sklansky or Kogge-Stone tree adder reduces the critical path to

 (11.19)

An ideal tree adder would have log2 N levels of logic, fanout never exceeding 2, and
no more than 1 wiring track (Gi:j and Pi:j bundle) between each row. The basic tree archi-
tectures represent cases that approach the ideal, but each differ in one respect. Brent-Kung

t t N t tpg AOtree xor~ + ¬­ ¼½ +log2

(a) Brent-Kung

(b) Sklansky

1:03:25:47:69:811:1013:1215:14

3:07:411:815:12

7:015:8

11:0

5:09:013:0

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

1:0

2:03:0

3:25:47:69:811:1013:1215:14

6:47:410:811:814:1215:12

12:813:814:815:8

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

15:0

(c) Kogge-Stone

1:02:13:24:35:46:57:68:79:810:911:1012:1113:1214:1315:14

3:04:15:26:37:48:59:610:711:812:913:1014:1115:12

4:05:06:07:08:19:210:311:412:513:614:715:8

2:0

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

(e) Knowles [2,1,1,1]

1:02:13:24:35:46:57:68:79:810:911:1012:1113:1214:1315:14

3:04:15:26:37:48:59:610:711:812:913:1014:1115:12

4:05:06:07:08:19:210:311:412:513:614:715:8

2:0

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

1:03:25:47:69:811:1013:12

3:07:411:815:12

5:07:013:815:8

15:14

15:8 13:0 11:0 9:0

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

(f) Ladner-Fischer

1:03:25:47:69:811:1013:1215:14

3:05:27:49:611:813:1015:12

5:07:09:211:413:615:8

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

(d) Han-Carlson

FIGURE 11.29  Tree adder PG networks

fan-out é sempre 2


