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MRAM Bit-cell
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Electrons flow from pinned layer to free layer.
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Special Characteristics of Write Possibility

* Time Depend Possibility * \Voltage Depend Possibility

* Single Write Operation does not * Reference voltage characteristic is
guarantee write operation individual properties for each

* Probabilistic write operation MRAM bit-cell.
modeling does not guarantee exact * Voltage characteristic follow the
write operation for simulation. process variation.

* After write guarantee specification * If write failed, saved data could be
time, write should be guarantee. reserve or inversed or crashed.
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Why need & Where to use ?

DNA* & BIST RTL eMRAM
* Enables Design Verification for
BIST RTL Normal Read
* For Memory BIST, commercial tool Read 5 Write
does not support MRAM VO'fjage Variation
* MRAM use custom BIST RTL to verify " Voltage Trim 1 e
the memory operation | Test | Write
* Probabilistic MRAM model support
verification of the DNA RTL & Write Time Write Time
custom BIST RTL. Test Variation mode

DNA* : Digital Non-volatile Assist
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Write Operation Timing Diagram

1 Cycle for Write Operation Case1 1 Cycle for Write Operation Case2
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Write Possibility Modeling
Write Write U

Write

- Decide write pass for every single internal write
operation.

- Decision is occur between WBF min/max spec.
- Independent for bit-cell location or address

Write Check

Function

f
J// Write Time Variation Modeling
ff
Write Write Write ‘ifdef WBF_RANDOM

|---reg [6:0] rand seed;

| ---always @|ck negedge) begin: wbf random
|---]---rand _seed = Surandom range(d,180});

. . . |---|---1f { WBF reg === 1'bl ) begin

Write Write Write |---]---]---1f [ rand seed < & wbf count > 1 ) begin
|---|---]---|---disable wbf cycle;
I
I

Write Write

Write |---|---end
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Simulation Result
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How Voltage Variation Effects Yield
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Write Voltage Trimming Configuration
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FAIL Ratio

21.83500%
11.08118%
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0.53009%
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0.02861%
0.00504%
0.00073%
0.00009%
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0.00000%
0.00000%
0.00000%
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Failure bit-cell # (ideal)
FAIL Ratio
16Mb 128Mb 16Mb 128Mb

0 45.57641%
1 25.24925%
2 11.08118%

3,663,305
1,859,114
801,789
291,611
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22,648
4,800
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256kx64 write reference voltage profile
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Bit-Cell Modeling Technique

|---// TYPEDEF
---typedef struct packed
|---// Memory definition- }lﬂ’elﬁgj ;:Eaipac °d {
|---reg [(word width+r col*0)*mux-1:0] mem[0:4095]; |---]---bit [9:0] refl voltage;
|---reg [(word width+r col*0)*mux-1:0] mem@[0:3]; I-"I"t-}k_!tf [9:0] refd_voltage;
|---reg [(word width+r col*0)*mux-1:0] meml[0:3]; |---} mbit;
|---reg [(word width+r col*0)*mux=-1:0] mem2[0:3];
|---reg [(word width+r col*0)*mux-1:0] mem3[0:3]; |---// Memory definition- e o
---reg [(word width+r col*0)*mux-1:0] mem4[0:3]; |---mbit [{word width+r_col*0)*mux-1:0] mem[0:4095];
— - |[---mbit [(word width+r col*0)*mux-1:0] mem@[0:3];
---req [(word width+r col®0)*mux-1:0] mem5[0:3]; o mhit T "o S bt
q : - — . | mbit [(word width+r col*0)*mux-1:0] meml[0:3];
---reqg [(word width+r col*0)*mux-1:0] memG[0:3]; ---mbit [(word width+r col*0)*mux-1:0] mem2[0:3];
_ _ I [ ! _ ) 1 [0:3];
|---reg [(word width+r col™*0)*mux-1:0] mem7[0:3]; [---mbit [(word width+r col*0)*mux-1:0] mem3[0:3];
|---reg [(word width+r col*0)*mux-1:0] mem8[0:3]; I'""‘g?: {’QWGFE—W?SEE”—W%:?::"’“"'5"31 "‘E"‘;ﬁﬁ}"
. i ; + L -1:€ B:37: ---mbit [(word width+r col*0)*mux-1:0] mem5[0:3];
| ---reg [I:wﬂrd_w}dth r_fﬂlh_]:*mux -_-.-]] "‘E‘"‘g[]l_flll |---mbit [(word_width+r_col*0)*mux-1:0] mem6[0:3];
|---reg {-;“Urg_”?g::”_mhg-*"““"_—- H ""E""ﬁH-;'il |---mbit [(word width+r col*0)*mux-1:0] mem7[0:3];
|---reg [(word_width+r_col*D)*mux-1:0] memll[0:3]; |---mbit [(word width+r col®0)*mux-1:0] mem8[0:3];
|---reg [(word width+r col™0)*mux-1:0] meml2[0:3]; |---mbit [(word width+r col*0)*mux-1:0] mem9[0:3];
|___reg [(word width+r col*0)*mux-1:0] meml3[@:3]; | ---mbit [(word width+r col*0)*mux-1:0] meml@[B:3];
L ; - . - T e - . |---mbit [(word width+r col*0)*mux-1:0] memll[0:3];
| req [(word width+r col*0)*mux-1:0] meml4[0:3]; mbit [(word widther col*d)*mux-1:61 meml2[8:31:
| [ (word width+r col*0)*mux-1:01 meml5[0:3]; | [wore St [ memi2Lteol
---req liword wi r Cot™UlTmux-1:Ul mem S |---mbit [(word_width+r_col*0)*mux-1:0] mem13[0:3];
|---mbit [(word width+r_col*0)*mux-1:0] memld[0:3];
|---mbit [(word width+r col*0)*mux-1:0] meml5[0:3];
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Ref voltage profile setting

//== ====

// bitcell ref_voltage setting

//

task set_ref_voltage;
|---stat1c int seed = 777;
---int ref_value;

---refl voltage[memll][]] refl voltage ]+=1;

---for(int i=0; i<WORDS/mux; i=i+1) begin
--|---for(j=0; j< (word_width+0)*mux; j=j+1) begin

|---|---ref value = $dist normal(seed, );
=|---|---mem[1][j].ref0_voltage = ref_value- < 0?0 : ref value-
-|---]---ref@_voltage[mem[i][j].refO voltage, ]+=1;
=|---]---ref_value = $dist normal(seed, ) ;
-|-- |---mem[i][]] refl voltage = ref_value- < 0?0 : ref_value-
o o
o

I

I

| -

| -

I

| -

I

-
Ji== -|---//Sd15p1ay("ref voltage : %d",mem[i][j].ref voltage);
|---]|---end

| ---end

I
| -
j=s
|-
§ =
E
j ==
| -
)
==

---for(int i=0; i<4; i=i+1) begin

-//%display("ref_voltage

|
I
|
|

--|---ref1 voltage[memO[i][j].refl voltage ]+=1;
-|-- : %d",mem[1i][j].ref_voltage);
-@

nd

--|---for(int j=0; j< (word width+0)*mux; j=j+1) begin
|---|---ref7va1ue = $dist normal(seed, ) ;
=|---|---memO@[1i][]j].ref0 _voltage = ref_value- <070 : ref value-
=|---|---ref0_voltage[mem@[i][j].refO_voltage, ]+=1;
-|---]---ref_value = $dist normal(seed, H
-|---|---memO@[1i][j].refl _voltage = ref_value- <070 ref _value-
= &

o
e

1k mbit ref-voltage aware Write Task
//
function reg mbit_write(mbit bit cell,reg write_data);
| ---integer trim_voltage;

|---if ('WVAT_MODE != 2 ) begin

| ---|---ReportMessage (DEBUG, $sformatf(“trim voltage: %dmV",trim voltage));
|==-]--- if ( write data === 1'b0 ) begin

|===]==-]--- if ( write®_trim en === 1'bl ) begin

-trim_voltage = +write0 trim
-ReportMessage (DEBUG, $sformatf("cell voltage: %dmV",
---if | +bit_cell.ref@ voltage > trim voltage ) begin
---|---if ( 'WVAT_MODE == 0 ) begin

|---|---return bit_cell.data;

|---end

|---else if ( "WVAT _MODE == 1 ) begin
--=]|---|---return 1'b1;

I

e

---end
-end

( write data === 1'bl ) begin
( writel trim_en === 1'bl ) begin
-|---trim_voltage = +write@ trim  wwritel trim
- --ReportMessage (DEBUG, $sformatf("cell voltage: %dmV",
---if | +bit_cell.refl_voltage > trim voltage ) begin
---]---if ('WVAT MODE == 0 ) begin

|---|---return bit_cell.data;

|---end

|---else if ( "WVAT MODE == 1 ) begin
=«=|===-|---return 1'b0;

|---end
-end

| ---return write _data;
endfunction

+bit_cell.ref0_voltage));

tbit cell.refl voltage));
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Cell Level Variation aware Simulation diagram

Write FAIL bit-cell W
Write PASS bit-cell H

S INITIATIVE



Simulation Result

: PASS @ DOUT == [
: [READ TEST ADD :

: ERROR : EXPECT ==
: ERROR : DOUT

: [READ TEST ADD :

: PASS : EXPECT =

: PASS @ DOUT =

: [READ TEST ADD :

: PASS : EXPECT =

: PASS =

[
: PASS : EXPECT
: PASS @ DOUT =
: [READ TEST ADD :
: PASS : EXPECT =
: PASS @ DOUT ==
: [READ TEST ADD :
: ERROR : EXPECT
: ERROR : DOUT
: [READ TEST ADD :
: PASS : EXPECT =
: PASS @ DOUT ==
: [READ TEST ADD :
: PASS : EXPECT =
: PASS

PASS :
: PASS @ DOUT ==
: [READ TEST ADD : ce]
: PASS : EXPECT =
: PASS @ DOUT =
: [READ TEST ADD : cf]
: ERROR : EXPECT == [
: ERROR : DOUT == [
: [READ TEST ADD : de]
: PASS : EXPECT ==
: PASS @ DOUT == [
: [READ TEST ADD : d1]
1 EXPECT == [
: DOUT == [

EXPECT

: PASS @ DOUT ==

[READ TEST ADD :

: ERROR : EXPECT ==
: ERROR : DOUT ==

[READ TEST ADD :

: PASS : EXPECT ==
: PASS @ DOUT ==

[READ TEST ADD :

: PASS : EXPECT ==
: PASS : DOUT

: PASS : EXPECT
: PASS : DOUT

[READ TEST ADD :

: PASS : EXPECT ==
: PASS : DOUT

[READ TEST ADD :

: PASS : EXPECT ==
: PASS : DOUT ==

[READ TEST ADD :

: PASS : EXPECT ==
: PASS @ DOUT

[READ TEST ADD :

: PASS : EXPECT ==
: PASS : DOUT

PASS : EXPECT

: PASS @ DOUT

[READ TEST ADD :

: PASS : EXPECT ==
: PASS : DOUT

[READ TEST ADD :

: PASS : EXPECT ==
: PASS : DOUT ==

[READ TEST ADD :

: PASS : EXPECT ==
: PASS : DOUT ==

[READ TEST ADD :

: PASS : EXPECT ==

: DOUT ==

: EXPECT ==

a047]

af48]

ab4al

: PASS : DoOUT

[READ TEST ADD :

: PASS : EXPECT ==
: PASS : DOUT ==

[READ TEST ADD :

: PASS : EXPECT ==
: PASS @ DOUT ==

[READ TEST ADD :

: PASS : EXPECT ==

: PASS : DOUT

[READ TEST ADD :

1 PASS : EXPECT ==
: PASS : DOUT

[READ TEST ADD :

: PASS : EXPECT ==
: PASS : DOUT ==

[READ TEST ADD :

1 PASS : EXPECT ==
: PASS : DOUT

[READ TEST ADD :

: PASS : EXPECT ==
: PASS

PASS

: PASS

[READ TEST ADD :

: PASS : EXPECT ==
: PASS : DOUT

[READ TEST ADD :

: PASS : EXPECT ==
: PASS : DOUT ==

[READ TEST ADD :

: PASS : EXPECT ==
: PASS : DOUT ==

[READ TEST ADD :
: EXPECT ==
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summary

* To support MRAM probabilistic write, we use user define data
type for MRAM memory array.

* Our modeling enables simulation base design verification for
DNA & BIST RTL.

* Our modeling support to develop BIST algorithm for Samsung
Foundry’s MRAM.




Questions

* Contact : sanggi.do@samsung.com
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