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Abstract— In this paper, an Application-Specific Instruction
Set Processor (ASIP) -controlled inverse integer ansform |IP
block on a System-on-Chip (SoC) platform is proposk The
proposed design is implemented as an independenthperated
IP block connected to the ASIP via the Wishbone So®us. It
features both 4x4 and 8x8 inverse integer transformwith
additional support for 2x2 and 4x4 Hadamard transfoms of
DC coefficients. Design portability can be achievedby using
the open Wishbone standard for the system bus witta
moderate increase in system area. The IP block iswtrolled by
an ASIP which allows functional testability and demgn
flexibility. Compared with existing designs in its class, the
circuit area of this design is considerably minimaldue to the
embodiment of 4x4 circuit in the 8x8 circuit, whileachieving a
speed of 176MHz.

l. INTRODUCTION

The new H.264/AVC standard [1-2] is developed by
ITU-T Video Coding Experts Grouf)) CEG) together with
the ISO/IECMoving Picture Experts GroufMPEG) known
asJoint Video Tean@VT). The objective of the H.264/AVC
is to deliver high quality video at lower bit ratésan
previous standards by the adoption of effective irgpd
algorithms. One of the tools being adopted is ieteg

be chosen dynamically, either 4x4 or 8x8, for iexdicted
macroblocks. This achieves an average bit-ratectintuof
around 10% [5].

In this paper, anApplication-Specific Instruction Set
Processor(ASIP) -controlled inverse integer transform IP
block on a Wishbone-based [8ystem-on-Chip(SoC)
platform is proposed. It features both 4x4 and Bx&rse
integer transforms with additional support for 2x2d 4x4
Hadamard transforms of DC coefficients. The IP bl
controlled by an ASIP which allows functional tdsligy
and design flexibility.

The remaining of the paper is organized as follolse
H.264/AVC Transform and Quantization is reviewed
Section Il followed by the Complexity Analysis ire&ion
Ill. The proposed Inverse Integer Transform blookl ahe
System-Level ASIP Architecture are presented inti@ec
IV. Circuit Simulation and Pre-layout Synthesis Resare
discussed in Section V. The paper ends with cormmigsin
Section VI.

.  H.264/AVCTRANSFORM ANDQUANTIZATION
In the H.264/AVC standard, the residual data wi#l b

transform. The previous video coding standards sagh code_d using four different operations: 4x4 integansform,
MPEG-2 [3] and MPEG-4 [4] use 8xBiscrete Cosine 8x8 integer transform [5], 4x4 and 2x2 Hada'mardsfarms
Transform(DCT) as the basic transform. To avoid mismatchl7]: The macroblocks ~with their scanning order are
problem and reduce the expensive floating-poirtharetic ~ SUmmarized and depicted in Fig. 1 [8].

implementation, the new approach carries out all 4

transformations using just integer number. The owed e
DCT-based 4x4 transform can be calculated simplgigus
additions and shift operations, thus significamtdguce the
computational complexity for the coding standardithha
maximum of 16-bit integer arithmetic requirementsraall
penalty in video quality is traded off for simpleardware
implementation. In addition, the H.264/AVC also ptio
second level transforms. Array of luma DC coeffitiein
intra 16x16 prediction mode, and array of chroma DC
coefficients are encoded using 4x4 and 2x2 Hadamard
transform correspondingly.

Luma

In the updated proposal for fidelity range extensio
(FREXxt) [5], the new 8x8 integer transform is imtnoced for
coding high resolution video sequences. For imptove
encoder performance and flexibility, the transfaize can

Figure 1: Scanning order of residual blocks withimacroblock

The first type of transform is applied to 4x4 lulslacks
0-15 and 18-25. The second transform use 8x8 b
instead of 4x4. The third and fourth types are igpgpio DC



coefficients block (-1, 16, 17) when the macroblask
encoded in 16x16 intra-prediction mode [8].

A. The Integer Transform:

Y=(GXG)OE, 1)
where G and E are given by:
1 1 1 1
_l2 1 -1 =2
G = 1 -1 -1 1 2)
1 -2 2 -“1
a’? ab/2 a* ab/2
2 ab 2
E = ab/2 b?%/4 /o b/4 3)
| a2 ab/2  a? ab/2|
ab/2 /4 ab/2 b2/4)

and X is input matrix.

The © symbolindicates that each element (&, X C,")
is multiplied by the scaling factor in the sameifos in
matrix &. C,' is the transpose of matr@.

The 4x4 inverse integer transform can be written as

X=C/(YOE)C, 4)
whereC, and Eare given by
1 1 1 1/2
il e ®
1 -1 1 -1/2
a’? ab a® ab
Ei = ab b2 ab b2 (6)

a’? ab a* ab
ab b? ab b?

The 8x8 forward and inverse integer transforms loan
performed in a similar manner [5].

Zi = round (Y / Qsep) (12)
Yi = Zi*Qstep (13)

There are 52 values of,@supported by H.264/AVC and
each has a Quantization Parameter (QP) associdted.w

To integrate the scalar multiplication by matEyxor g
as shown above, and to avoid any division opersfitime
equation is changed to:

Z; = round (Y; * (PF/ Qeep) (14)

Yij = Zj* PF * Quep64 (15)
where:

PF/ Qstep = MF/2gbits (16)

gbits = 15 + floor ((QP)/6) 17)

Vj = (Qstep * PF * 64) (18)

And PF is the value from matrix or E depending on
the location of Y

Finally, (14) can be rewritten as follows:
151 = ((IYy] * MF + )) >> gbits (19)
(sign (%) = sign (¥})) (20)

The Offset parameter, f i€ for Intra Blocks or %"
for Inter Blocks.

I1l.  COMPLEXITY ANALYSIS

The H.264/AVC reference software JM 13.0 [9] is
analyzed using a program analysis tool PIN [10jntasure
instruction level complexity. Performance complgxit
analysis is conducted according to the procedutiéned in
[11]. The main focuses are arithmetic instructieush as
addition, subtraction, shifting, multiplication, drdivision;
and memory access instructions. Three videos segseare
analyzed: Mother and Daughter- low motion content;

The 4x4 Hadamard forward and inverse transforms arEoreman— medium motion content; ar@oastguard- high

given by:
Y = (HX H") /2; (1)
X = (HYH"), 8)
1 1 1 1
41 1 -1 -1
where H = 1 -1 -1 1 (9)
1 -1 1 -1

motion content. Baseline profile with I-P-P-P made30 fps
was selected.

Using PIN tool andCoastguardvideo sequence, the total
number of instructions executed per second for dodw
integer transform is reported to be 9.14e+9, wiiike total
number of memory accesses per second is 5.67e-82%r
On the other hand, the total number of instructiexscuted
per second for inverse integer transform is replotte be

The 2x2 Hadamard transform use the same formula fot.97e+7, while the total number of memory accegses

forward and inverse:

Y =HXH, (10)

with H = [i ' (11)

-1
B. Quantization and Rescaling
The scalar multiplication in the core forward angédrse
transforms can be absorbed into the scalar quétizstep.

The basic quantization operation for forward (12)d a
inverse (13) transform can be defined as follows:

second is 2.61e+7, or 53%. The large percentageeafory
accesses implies that the memory interface betwhen
integer transform codec with the system memory nigst
designed to handle high level of memory accessesaA
result, pairs of 64-b master/slave system-on-chtpriaces
were deployed, and its implementation will be désad in
details in Section IV.
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Figure 2: Inverse integer transform - profiles ofhametic instructions for
4x4 and 8x8 transforms

This means 1 column of 8x8 matrix or 2 columns »# 4
matrix can be processed at a time. Compared taitpthb
128-bit data bus helps to minimize the bottleneckl a
provides nearly 2 times increase in throughputh wiightly
more gate count.

In the proposed inverse transform block (Fig. Bere
are 1 multiplier block, 1 shifter, 4 adder blocks {’, 2, and
3), 1 rounding, 1 matrix transposer, and 2 FIFQgo T-D
transform operations are implemented in two indieid
stages. When the inverse transform is executedisngre
initially fetched from the input FIFO to the redog
multipliers. Based on the value of QP, multipligatfactors
are generated and used inside the multiplier fscakng

In a separate analysis where data movement andotontdata. Next, data are passed through a multiplextivet adder
instructions are omitted, ADD (addition) and SUB blocks for first 1-D matrix multiplication. Aftehat, data are

(subtraction) are the most frequently used instvast with
more than 58% of the total in 4x4 transform, an#éb66 8x8

bypassed in the rounding block and stored intontiadrix
transposer. At this point, rows and columns arenamnged

transform. Shift instructions (SAR, SHL) contribute about for the second 1-D transform in the next stagehénsecond

30%, MUL (multiplication) and other logic instruatis take
up a small portion, while DIV (division) is insidigant (Fig.
2). Based on these relationships, more adder dftdrsiere
designed, while multiplier is limited to a minimum.

TABLE 1. RATIO OF INVERSETRANSFORMINSTRUCTIONS OVER

TOTAL INSTRUCTIONS

Test sequences(CIF)Total instr/sec | Inv transform instr/sec | Ratio
Mother Daughter 6.86E+08 1.34E+07 1.95%

Foremal 1.01E+0¢ 3.05E+0° 3.04¥%

Coastguar 1.19E+0¢ 6.54E+0 5.51%

stage, a multiplexer selects data coming from thesposer
and passes them through processing steps inclucbing
transforming (adder block), rounding, and savinguhs to
the output FIFO.

Detailed operations of the inverse integer tramsfare
described as follows. The input data is first réstaThis is
an important step for all transform modes where ittt
matrix must be multiplied by the scaling factortire same
position in matrix E This multiplier block contains 8
parallel multipliers so as to take full advantagi¢he 128-bit
wide data bus. Pipelined multi-stage multiplierse ar

In Table |, the ratio of inverse integer transformemployed to decrease the combinational delay inabmek

instructions over the total number of

video cycle. This block is also responsible forQP DIV 6} and

encoding/decoding instructions is capped at 5.5%is T {QP mod 6}operations, and the corresponding multiplicative

draws a clear picture that the computational corityleof
integer transform is not critical compared to tkerall video
codec. Therefore, we have the flexibility to caaeditional
functions such as the system-on-chip bus to proviue
added testability and portability.

IV. CIRCUIT IMPLEMENTATION

A. The Proposed Inverse Integer Transform

In the H.264/AVC standard, the 2-D forward transfas
computed using row-column decomposition techniduet
means the 2-D transform is performed as a 1-D oarti
(column) transform followed by a 1-D horizontal o

exactly the same algorithm, the identical 1-D coam be
used. Hence, hardware reusability can significargiguce
the circuit area. Consequently, in all the transf&rwhen
calculating Y = CXC, the first transform involves Z = CX,
followed by Y = ZC.

In order to save circuit area, the 4x4 transfornouif is
embedded inside the 8x8 transform circuit. Sinae Iit-
depth requirement for H.264/AVC standard [1] isHi2to
the input of the inverse integer transform, implatagon of
a 128-bit data bus allows transfer of maximum &faents
per clock cycle (if 16 bits are assigned to eactffazent).

transform. Since column and row transformations use: 64 bit
FIFO | {( 128 bit

factors for the transform. In inverse transfornpundata is
scaled by a factor of maximum 58. Therefore, thétiplier
requires only 6 bits. This helps minimize the haadsvcost.

o) [w)0) C>
64 bit

Matrix

Transpose

) (=1 (0)( | o)

Figure 3: Inverse Integer Transform (IT) Block

After being rescaled in the multiplication bloclesults
are passed onto the adder blocks. In Figs. 4a Bnddder
block 1 is used in all the 4x4 transform types. réhare 8
adders and 2 shifters to perform a 1-D transfonmtid data
input. As can be seen, depending on the transfoodem
proper coefficients (*2 for integer and 1 for Hadeina
transform) are selected accordingly. In order tketa
advantage of 128 bit data bus, adder block 1 idichtpd



(adder block 1%) as shown in Fig.3. In 4x4 modeB bits are
divided into two parts, with 64 bits fed to addéwdk 1, the
other fed to adder block 1'.At this step, two 4xdtrices are
computed in parallel by adder blocks 1 and 1'. Aftrds,
results from adder block 1' are passed through ipteXer,
together with another the results from adder blackare
passed to adder block 3, and finally moved to thending
block.

In 8x8 transform mode (Fig. 4c), adder blocks and 3
are all enabled where adder blocks 2 and 3 ardfisady

In total, 8 multipliers, 40 adders, and 20 shiftare
required for the whole inverse transform and ineers
guantization process.

The transposer requires a total of 64 x 16-bitstegs in
order to transpose a maximum of 64 pixels in 8x&rima
This block is shared between all 4x4 and 8x8 ti@ns$ to
minimize the number of registers and thus reduceuiti
area. With some additional multiplexers, row anduicm
pixels are exchanged. Since the second stage &rsfarm
requires 1 row to operate, 4 clock cycles delayexpected

designed for 8x8 transform. Adder block 1 which wasfor performing 4x4 transform, 8 cycles for 8x8 sform and

previously used to compute 4x4 matrix, now is reuse
compute 4 pixels of even rows. The other 4 pixdladd
rows are processed in adder block 2. Adder blookc@ives
data from adder blocks 1 and 2, compute the fitegd and
send data to the rounding block.

Block Adder 1

Block Adder 1

Figure 4: a) Dataflow diagram for 1-D 4x4 inversteger transform;
b) Data flow diagram for 1-D 4x4 inverse Hadamaahs$form, or 2x2
inverse Hadamard transform
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Figure 4c: Dataflow diagram for 8x8 1-D inversesgr transform

The final computation is a division which is implented
as a rounding block. This involves division of tredues by
64. This can be done using arithmetic right stgftioy 6.
Only in 4x4 integer mode that this block is enabded a
simple multiplexer can be used to bypass divisiorother

transform configurations. From here we get the Ifina

coefficients of the inverse integer transform.

the same number of cycles is required to completehd out
data. To utilize the system and reduce number diesyfor
these transforms, pipelining is used to increase th
throughput of the whole system.

Since the Wishbone system bus only supports uptto 6
bit data bus, while the internal data bus widthl28 bit,
there is a need for 2 FIFO buffers to store tempyodata.
The input buffer must be large enough to storeeastl 2
matrices for continuous computation of data inttaasform
stage. That means while the first matrix is beiafpuated,
the second one is transferred from the external angimnto
the buffer. At the output, the same FIFO is appfiedhat no
data is overwritten. Therefore two 128 x 16-bit G-are
implemented.

As we can see, Hadamard transform can be achigved b
removing the shift operation in block adder 1 agddssing
rounding block. These can be achieved easily using
multiplexers. Especially in 2x2 Hadamard transfortrD
transform is sufficient to get the Chroma DC caxéfints.

B. System Architecture

1) Top-level system architecture

The top-level system architecture — depicted by b&g-
includes an ASIP, an external memory, and the mego
inverse transform with its DMA controller. The data
address, and control buses are regulated by aneArfiihe
Wishbone system bus signals at the master and slave
interfaces are shown in Fig. 5b.

ASIP

Wishbone master interface

Wishbone slave Wishbone slave : Master

Arbiter

ASIP
o
> o
5
o I_ I
—e
——e
A 4
o
>
o
o -

WLIOJSUBI | 9SIBAU|
BAB|S BUOGUSIM

Wishbone master

interface interface |interface| DAT_(
T WE_O > WE_|
Inverse transform SEL.O |+  »{SELI
STB_O » STB_|
External 4x4 G ACK_| | ACK_O
memory CYC_O — = CYC_I

|
|
|
8x8 |
|
|

Figure 5: a) Top-level system architecture; b) Wate interface signals

2) ASIP and instruction set
The inverse integer transform block is controllgdamn
ASIP. The ASIP architecture is based on the RISfedt
program machine (SPM) [12] with specific instruatiset to
control up to 4 IP blocks.



a) Architecture of the ASIP

Fig. 6 shows the architecture of the supportingiPASlhe
ASIP consists of 3 parts: a controller, a datapaid an
internal memory. The controller generates signals t
orchestrate the operation of the ASIP. The datapal
comprises an ALU, 10 registers, and 2 multiplexéhe ten
registers include 4 general-purpose registers RORR, R3;

TABLE III. NEWLY DEFINED INSTRUCTIONS FORNVERSE

TRANSFORMS
Machine byte 1 | byte 2byte 3 .
Instr. Action
Opcode| Src| Dst | E-src | E-dest
h 1T 1010 | src| ??| E-srcE-dest| Exec inverse int. transform

In this instruction, Src is used to indicate tharftypes

Zero flag Reg_Z, temporary register Reg_Y, programfor inverse integer transform: 4x4 integer transfordx4

counter PC; instruction register IR; and addresgister

Hadamard transform, 2x2 Hadamard transform and 8x8

Add_R. The Add_R is used to store memory addresgteger transform.

information prior to memory write or memory read.

Controller Processor

BUSMT_I Load_RO

Load_R1

BUSMT_O

Load_R2

BUSGR_O

Load_R3

Inc_PC
instruction

ADR_O

STB.O

Sel_Bus_1_Mux
Load_IR
Load_Ext_Bus_Adr
Load_Ext_Opt_Adr
Load_IT_opcode
Load_Add_Reg
Load_Reg_Y

WE_O

DAT_O

ACK_I

DAT_|

Load_Reg_Z

zero

Sel_Bus_2_Mux

Bus_2

CLK_I

RSTI

Figure 6: ASIP architecture

3) The inverse transform block

The inverse transform (IT) block has an integandfarm
component with Wishbone [6] slave interface to
communicate with its Wishbone master interface loé t
ASIP, and a DMAC with Wishbone master interface to
directly transfer image data with the external mgmo

4) System-on-Chip Shared Bus

The ASIP, external memory, and the IT blocks are
connected using a SoC bus, which is controlledrbgraiter.
The arbiter is to decide which master will tranddeta at a
certain time.

In the proposed system, the ASIP is a bus mastde wh
the external memory and the IP block are bus slaves
However, this special IP block is designed with walthin
DMAC which helps improve the transfer speed of imag
data from the external memory to IP block, and vieesa.
The DMAC itself also is a bus master of its owndiloAs a
result, the system has 2 bus masters and 2 biesslatotal.

5) ASIP and Hand-shaking Issues with IP block(s)

The ASIP and IT block are connected via a SoC-based
Wishbone system bus, whose master and slave ioésrfxre

The modified ASIP has 10 instructions, in which theshown in Fig. 5b.

newly define instruction IIT is used to invoke theverse
integer transform function.

The ASIP operates through three phases: fetch,déeco
and execute. In the fetch phase, it retrieves atruction
from memory using 2 clock cycles. In the decodesphi
decodes the instruction, manipulates the datajpaith,joads
registers using 1 cycle. In the execution phasexécutes
and generates the results for 0 to 5 cycles.

b) Instruction set

The RISC SPM has three types of instructions: tié,8
16-bit, and 24-bit long. The 8-bit instructions anéended
for basic arithmetic operations. The 16-bit instiats are
for accessing internal memory, and the 24-bit utdions are
for accessing external memory. A typical 24-bitiastion is
shown in Table II.

TABLE II. 24-BIT LONG INSTRUCTION

Dst
1]o

Ext. mem. dst. addr.
of[1JoJoJoJoJo]o

Ext. mem. src. addr.
oJoJoJoJoJoJoJo

Src
o1

Opcode
ofoJ1]o

In the interface, ASIP sends the strobe signal $I.B_
write enable signal WE_O, IT slave address throdQR_R
and command through DAT_O to all the slaves in the
system. The IT block then reads the slave addmredhe
address bus and decides if it is the intended blDlais slave
immediately sends back acknowledge signal to th& A®f
the ASIP to indicate that it is ready, and read thi
necessary data in the bus. After receiving the @aeledge
signal, the ASIP sends BUSMT_O signal with the rms
master code — which represents the above IT blotkthe
arbiter. Because the IT block has Wishbone masigiskave
interface at the same time, so at the next cybeabove IT
block will become the bus master of the system laaslthe
full right to use the system bus. And the ASIP purgs its
operation on its internal memory and registers.

Upon completion, the master interface of IT block w
send CYC_O to the arbiter to signal its completiéiter
receiving this signal, the arbiter will re-assidre tASIP as
the default system bus master.



V.  SIMULATION AND PRE-LAYOUT SYNTHESISRESULTS

A. Functionality, testability, and portability

In the designs reported by [13, 14, 16, 17, and tt&
8x8 integer transform is not supported. Highestedpef
166MHz is achieved by [18], while highest throughpfi16

The proposed design has been implemented with 4xgixels per cycle is achieved by [16] for a relalyvéarge

inverse transform for the residual data; 4x4 an? idxerse
transform for DC coefficients; and the newly adde®B
inverse transform.

Quantization block is also integrated into our gesiThe

hardware sharing methodology of different types o

transform helps reduce the system area at theotastfew
extra clock cycles. Based on the instruction ans|ythis
cost is more affordable and timing requirementlmamet at
slightly higher operating frequency.

Video test sequences can be converted into biarese
and complete tests are to be conducted on the ASiHee
the proposed IP block of the inverse integer tiamsfwas
designed on an SoC environment assuming Wishbagetou
can be ported to other SoC platforms of similatesysbus
characteristics.

B. Performance

The proposed inverse integer transform and qudittiza
architecture were implemented in Verilog, and vedfwith
RTL simulations using Mentor Graphics ModelSim. t8ys-
level functional verification was also performed jpgssing
different input patterns to the architecture andhgaring the
output with the results obtained by passing theesiauputs to
the defining Eqs 1, 4, 7, and 8 in Section Il. #swpre-layout

circuit area of 51.6K gates. We note here that high
throughput also implies a very wide data bus ofaage as
256 bits (16-bit by 16 pixels). However, there ist
standard technique to report overall circuit aneeluiding

fbuses.

Both designs by [14, 16] provide support for
gquantization. While [16] was implemented using bXitinx
Virtex Il and 0.18 pm TSMC technology, [14] was
implemented using only Xilinx Virtex Il. Among degis
reported by [17] and [18], design in [18] is the sharea-
efficient assuming 0.18 um technology, using oMydates.
Since throughput is heavily dependent on the dasawidth
and its supporting circuitries (multiplexers andivers)
which are not commonly reported, the data throughuesu
unit area — of combinatorial circuit - (DTUA) carnget be
used as a performance parameter.

In [15], the implementation of 8x8 integer transfor
followed by quantization was reported. However psrpfor
complete coding of residual data was not implentente

Finally, in [19] and this paper, complete suppant f
coding of residual data is implemented. The througlof
[19] is comparable to the proposed design at 8lpiper
cycle. In terms of circuit area, the proposed desig

synthesized using AMS 0.35 pm technology library byoutperforms [19] in its relatively smaller area @K using
Synopsys Design Compiler. The gate count is 21dk f 0.35um technology vs. 18.5K using 0.18um techndlogy

inverse integer transform in combination with qizatton at
150 MHz. Table IV lists the reported designs witteit
performances.

TABLE IV. PERFORMANCECOMPARISON OFPRE-LAYOUT SYNTHESIS
RESULTS
. Type of| Tech Gate® SpeedThroughput
Design | /2 ¢ (um) a0 (IVFI) Hz) (ppgc)p Quant)
\WangO03 [13] 4x4 0.35 6.5 80 4 No
Raja05 [14] 4x4 |Virtex I1] 3.2K scs + 4.1K ff| 127 - Yes
Amer0E [15]8x8 onlyVirtex Il 29K LUT 68 - Yes
KordOE[16]| 4x4 |Virtex l]1.6K scs + 0.5K fl| 97 16 Yes
Kordo5 [16] 4x4 | 0.18 51.6 687 16 Yes
Chen06 [17] 4x4 0.18 6.4 100 8 No
Shi07 [18]| 4x4 | 0.18 5.0 166 8 Nd
Chao07 [19JAI" 7] 0.18 18.5 125 8 No
Propose All |Virtex 4/ 2.0K slcs + 1.2Kff | 145 8 Yes
Propose All 0.3% 215 15C 8 Yes

(*) Gate count is computed as the total combinati@mea normalized by the area of a 2-input
NAND gate; (**) unable to obtain from the referen¢e*) Speed is computed based on the critical
delay of speed-optimized quantization circuit. Tiithe slower of the two DCT and quantization
circuits; (****) ‘All'’ means all 4x4, 8x8 integerransforms, and 4x4, 2x2 Hadamard transform are

supported.

including additional circuitries for quantization.

For real-time requirement, the proposed architectam
process all existed frame sizes [1-2]. For examil¢he
clock frequency is operated at 118 MHz, it achietles
super high-definition in 4:2:0 format, 4096 x 23@4$olution
at 26.7 frames/sec in either 8x8 or 4x4 mode.

VI. CONCLUSION

In this paper the most functionally complete ineers
integer transform and quantization block is proposghe
design is implemented on an ASIP-controlled SoGfqulian
for testability and portability. The resulting aiit area is
considerably minimal compared to the design icléss due
to the embodiment of 4x4 circuit in the 8x8 circwitth
guantization, and achieves a speed of 150MHz.
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