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Introduction

Denormal (Subnormal) Numbers?

▪ Exponent == 0

Ex) sign  exponent        significand

     0    00000001  10000000000000000000000 = +2-126 * 1.100…0 (normal)

     0    00000000  10000000000000000000000 = +2-126 * 0.100…0 (denormal)

▪ Edenormal == Emin, 1-bit adjustment is needed

▪ J-bit – implicit 1-bit above the MSB of significands

▪ Hardware denormal support – no exception handler
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Exponent Difference

Adjusted Exponent Difference

▪ eM = eA + eB – adj_bias

▪ exp_diff = eM – eC

▪ exp_comp = eM > eC

▪ bigdiff = exp_diff ≤ 0 or

exp_diff ≥ maxdiff
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J-bit Detection

Denormal Support

▪ J-bit detection in parallel with exp_diff

• J-bit = (exp ≠ 0)

▪ 1-bit denormal adjustment in exp_diff

• exp_diff is adjusted by ±1

Ex) eA*eB = 1 and eC = 0, exp_diff = 1 → adjusted to 0

      1.000…0

    + 0.100…0 -> 0.010…0, need back to 0.100…0

    ----------

      1.100…0
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Alignment
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Alignment
Case 1) No Shift

▪ exp_diff ≤ 0
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▪ 0 < exp_diff ≤ *adj

*adj = 56 (dbl), 27 (sgl)
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Alignment
Case 3) Medium Right Shift

▪ *adj < exp_diff ≤ *max

Case 4) Big Right Shift

▪ exp_diff > *max

*adj = 56 (dbl), 27 (sgl)
*max = 109 (dbl), 51 (sgl)

Booth

cyc1

B

cyc2

C

MUL Array

A

Exp Diff

cyc3

J-bit Corr.

2:1

MUL Array+ 1

+

Align

2:1

LZA

LZA
Sticky, 

All-ones

Detect Normalize

3x, 5x, 7x

+ 1

Round

cyc4

2:1

upper_sig lower_sig

upper_sig lower_sig

2:1sgl/dbl

fma_result

2:1 sgl/dbl

J-bit Detect

Sticky

Exp Adjust

Sign Logic

Sign Logic
Exp Adjust

+1

round_up +1

fma_sig

fma_exp

fma_sign

lza

sticky

eC, fCeCeA eBsCsA sB fA fB fBfA

exp_diff

exp

norm_sig

carrysum

sign sig_comp

adj_exp

inc

inv

dbl[52:0], sgl[23:0]fC

dbl[105:0], sgl[47:0]fA × fB

Main Adder

Rshift
J

JO

dbl[52:0], sgl[23:0]fC

dbl[105:0], sgl[47:0]fA × fB

Main Adder

Rshift

Sticky

OR

...

O J

J



9

Alignment
Select Upper bits → to Incrementor

bigdiff eM > eC truesub upper_sig

0 - 0 aligned fC

0 - 1 aligned & inverted fC

1 0 0 fC

1 0 1 inverted fC

1 1 0 ‘0

1 1 1 ‘1
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1 0 ‘0

1 1 ‘1

Select Lower bits → to Multiplier
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J-bit Correction
J-bit Correction in CSA Tree

▪ No J-bit detection

• fA and fB to multiplier with no delay

▪ Assume both J-bits are 1, then subtract 1 J-bit correction line in CSA tree

• If JA = 0, then subtract fB

• If JB = 0, then subtract fA

• Don’t care if both J-bits are 0

• A more partial product and a few bits for 2’s complement
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Radix-16 Booth Encoding
Radix-16 Pre-computations (1x – 8x)

▪ 3 adders for pre-computations

• 1x = fB

• 2x = fB << 1

• 3x = 1x + 2x → need an adder

• 4x = fB << 2

• 5x = 1x + 4x → need an adder

• 6x = 3x << 1

• 7x = 8x – 1x → need an adder

• 8x = fB << 3
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Multiplier
CSA Tree

▪ 6 levels of 3:2 CSA tree

• Level 1 – 4 are in the 1st cycle

• Level 5 – 6 are in the 2nd cycle

▪ 14 + 2 partial products

• J-bit correction line and 2’s complement bits are added

• Aligned fC is added
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Multiplier

CSA Tree

▪ Levels of 3:2 CSAs depending on # of nodes to add

0
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Main Adder
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sgl: 0
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Main Adder
Case 1) X + Y, Trueadd – Nothing to do

Ex)    X    1.0110

    +  Y    1.0001

   ---------------

       Z = 10.0111

Case 2) X – Y (X < Y), Truesub negative – Inversion is required

Ex)    X    1.0001

    + ~Y    0.1001

   ----------------

       Z = 01.1010 -> 0.0101

Case 3) X – Y (X > Y), Truesub positive – 2’s complement is required → merged with rounding

Ex)    X    1.0110

    + ~Y    0.1110

   ----------------

       Z = 10.0100 -> 0.0101
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LZA
Leading Zero Anticipator (LZA)
▪ 𝑠𝑢𝑚 = 𝑠𝑛, 𝑠𝑛−1, … , 𝑠0 , 𝑐𝑎𝑟𝑟𝑦 = {𝑐𝑛, 𝑐𝑛−1, … , 𝑐0}

▪ 𝑔𝑖 = 𝑠𝑖 ∧ 𝑐𝑖

▪ 𝑧𝑖 = 𝑠𝑖 ∨ 𝑐𝑖

▪ 𝑓𝑝𝑜𝑠
𝑖

= 𝑔𝑖 ∨ 𝑧𝑖  ∧ 𝑧𝑖−1

▪ 𝑓𝑛𝑒𝑔
𝑖

= 𝑔𝑖  ∨ 𝑧𝑖  ∧ 𝑔𝑖−1 

• Selected based on the inversion

Ex)    S   1.1111101

     + C   0.0000110

   ------------------

  gi = 0.0000100

  zi = 0.0000000

 gi∨zi = 0.0000100

𝑧𝑖−1 = 1.111110

  fi = 0.000010 -> 5-bit left shift for normalization
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Modified LZA
Masking Underflow
▪ Mask bit stops normalization shift when exp < 0

• 𝑚1 = 𝑚0
64𝑚64

64

• 𝑚2 = 𝑚0
16 𝑚16

16𝑚32
16 𝑚48

16

• 𝑚3 = 𝑚0
4𝑚4

4𝑚8
4𝑚12

4 … 𝑚8
4𝑚12

4

• 𝑚4 = 𝑚0𝑚1𝑚2𝑚3 … 𝑚2𝑚3

➢ mk
n is set if exp has k bit and repeated n times, 2-bit decoders

• 𝑚 = 𝑚1 ∧ 𝑚2 ∧ 𝑚3 ∧ 𝑚4 ∧ (𝑒𝑥𝑝 < 128)

• 𝑓𝑖 = (𝑔𝑖 ∨ 𝑧𝑖) ∧ 𝑧𝑖−1 ∨ 𝑚𝑖

Ex) eA*eB = 3 and eC = 3,

    100.0…1

  - 100.0…0

  ----------

    000.0…1 -> 0.0…100, 2-bit left shift
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Normalization

lvl2

lvl3

lvl4

4:1lza_lvl2

4:1lza_lvl3

2:1
post_norm

>>1
post

4:1

norm_sig[52:0]

<<16 <<32 <<48

<<4 <<8 <<12

<<1 <<2 <<3

lza_lvl1

sum_sig[162:0]

3:1

lvl1
<<64 <<128

lza_lvl4 4:1

[53:50]

OR

OR

OR

OR

OR

sticky allones

align_sticky



19

Rounding

Rounding Control

▪ 4 rounding modes are reduced to 2

• RNE ∧ Guard ∧ (LSB ∨ Sticky)

• *RINF ∧ (Guard ∨ Sticky)

➢ *RINF = (RINF– ∧ 𝑠𝑖𝑔𝑛) ∨ (RINF+ ∧ sign)

➢ RZ is omitted by using AOI

▪ Force round up for 2’s complement

• 2’s complement is propagated only if the bits below LSBs are all-ones

▪ Significand overflow after rounding

• ov_rndup = allones ∧ roundup → eliminates the re-normalization
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Sign Logic

Effective Sign

▪ sMeff = sA ⊕ sB ⊕ is_neg

▪ sCeff = sC ⊕ is_sub

Sign Becomes 1 (Negative), otherwise 0 (Positive)

▪ sMeff = 1, sCeff = 1

▪ sMeff = 1, sCeff = 0, and A*B > C

▪ sMeff = 0, sCeff = 1, and A*B < C

▪ sMeff ≠ sCeff, A*B = C, and round_to_-infinity
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Exponent Logic

Intermediate FMA Exp

▪ eM = eA + eB – adj_bias

▪ (eM > eC) → exp = eM

(eM < eC) → exp = eC

Adjusted FMA Exp

▪ adj_exp = exp – lza

▪ (post_norm ∨ ov_rndup) → fma_exp = adj_exp + 0

(post_norm ⊕ ov_rndup) → fma_exp = adj_exp + 1

(post_norm ∧ ov_rndup → fma_exp = adj_exp + 2
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Results (Latency)

PowerPC FMA Lang’s FMA Proposed FMA

Multiplier

(gate levels)

Radix-4 Booth (6) Radix-4 Booth (6)
Radix-16 Booth &

53-bit Adder (10)

8 Levels of 3:2 CSAs (12) 8 Levels of 3:2 CSAs (12) 6 Levels of 3:2 CSAs (9)

Main Adder

(gate levels)

3:2 CSA (2) 3:2 CSA (2) No 3:2 CSA (0)

106-bit Adder (12) Part of 162-bit Adder (10) 106-bit Adder (12)

106-bit Incrementor (10) No Complement (0) No Complement (0)

Normalization

(gate levels)
162-bit Shifter (8) 162-bit Shifter (8) 162-bit Shifter (8)

Rounding

(gate levels)

53-bit Incrementor (8)
Rest of 162-bit Adder &

Rounding (13)
53-bit Incrementor (8)

1-bit Shifter (2) 1-bit Shifter (2) No Shifter (0)

Total Gate Levels 60 53 47, -20%/-10%
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Results (Area)
PowerPC FMA Lang’s FMA Proposed FMA

Exp Diff & 
Alignment

(gate count)

11-bit Adder × 2 (200) 11-bit Adder × 2 (200) 11-bit Adder × 2 (200)

162-bit Shifter (2,400) 162-bit Shifter (2,400) 162-bit Shifter (2,400)

Sticky (100) Sticky (100) Sticky (100)

Multiplier
(gate count)

Radix-4 Booth (200) Radix-4 Booth (200)
Radix-16 Booth (400)

53-bit Adder × 3 (1,500)

1,500-bit 3:2 CSAs (9,000) 1,500-bit 3:2 CSAs (9,000) 900-bit 3:2 CSAs (5,400)

Main Adder
(gate count)

106-bit 3:2 CSAs (600) 106-bit 3:2 CSAs (600) No 3:2 CSA (0)

106-bit Adder (1,200) Part of 162-bit Adder × 2 (1,200) 106-bit Adder (1,200)

56-bit Incrementor (200) No Upper Incrementor (0) 56-bit Incrementor (200)

106-bit Incrementor (400) No Complement (0) No Complement (0)

Normalization
(gate count)

162-bit Shifter (2,400) 162-bit Shifter × 2 (4,800)
162-bit Shifter (2,400)

Sticky & All-ones Detection (200)

Rounding
(gate count)

56-bit Incrementor (200)
Rest of 162-bit Adder × 2 (1,200)

Rounding (1,400)
56-bit Incrementor (200)

1-bit Shifter (100) 1-bit Shifter (100) No Shifter (0)

Total Gate Count 19,000 23,200 16,600, -10%/-30%
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Backup - Alignment 

Sticky Logic

▪ Sticky logic is in parallel with alignment in each level

▪ Shifted bits under the round bit in each level are ORed

to generate sticky bit

▪ Sticky bits in each level are ORed to generate the final sticky bit
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Backup - Radix-16 Booth Encoding
fA 5-bit grouping (hex) Radix-16 encode fA 5-bit grouping (hex) Radix-16 encode

00000 (0x00) +0x 10000 (0x10) -8x
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Backup - Radix-16 Booth Encoding

Partial Product Generation

▪ Select multiples, hi/lo and polarity

▪ 0x is zeroed out by AOI
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Backup - Multiplier

CSA Interconnection

▪ 4:2 CSA – back-to-back 3:2 CSAs

• Timing path – 3 XORs instead of 4
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Backup - Multiplier
Radix-4 vs. Radix-16 (Double Precision)

Radix-4 Radix-16

Latency
(gate levels)

3-bit Encoding (6)
5-bit Encoding &
53-bit Adder (10)

8 Levels of 3:2 CSAs (12) 6 Levels of 3:2 CSAs (9)

3:2 CSA (2) No 3:2 CSA (0)

Total (20) Total (19), -1

Area
(gate count)
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27 Partial Products
1,500-bit 3:2 CSAs (9,000)

14 + 2 Partial Products
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106-bit 3:2 CSAs (600) No 3:2 CSA (0)

Total (9,800) Total (6,700), -30%
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Backup - LZA

lza_lvl1[163:0]

[163:98]
...
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Leading Zero Detection (LZD)

▪ Four levels of LZD

• Level 1 – 2 are in the 2nd cycle

• Level 3 – 4 and post are in the 3rd cycle
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Backup - Normalization
Sticky Logic

▪ Sticky logic is in parallel with normalization in each level

▪ Bits under the round bit in each level are ORed to generate sticky bits

▪ Sticky bits in each level are ORed to generate the final sticky bit
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Backup - Normalization
All-ones Detection

▪ All-ones detection is in parallel with normalization in each level

▪ All-ones is detected by ANDing all bits in the significand range in each level

▪ All-ones in each level are ANDed to generate the final all-ones
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