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Combinational vs Sequential Cricuit

* FAis an example of combinational digital
circuit
output = f(input)

* That is, the output only depends on the input

* Sometimes, we want the output to be
dependent on the input and the previous
output

output = f (input, previous output)

* This type of circuits is called Sequential Circuits

e Sequential circuits are used to build memory
elements




The Clock

| ~ Positive Negative
Clockcycle |  Clockcycle | Pulse | Pulse |
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— Time

* Clock is a periodic signal = Train of pulses (1's and 0's)
* The same clock cycle repeats indefinitely over time

* Positive Pulse: when the level of the clockis 1

* Negative Pulse: when the level of the clock is 0

* Rising Edge: when the clock goes from0to 1

* Falling Edge: when the clock goes from 1 down to 0
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Clock Cycle versus Clock Frequency

Clock cycle Clock cycle Clock cycle

»ld »'d »'
Ll L] L]

> Time
* Clock cycle (or period) is a time duration

* Measured in seconds, milli-, micro-, nano-, or pico-seconds

e Ims=103sec, 1 us=10°sec, 1 ns=107sec, 1 ps = 1012 sec
* Clock frequency = number of cycles per second (Hertz)

e 1 Hz =1 cycle/sec, 1 KHz =103 Hz, 1 MHz = 10° Hz, 1 GHz = 10° Hz
* Clock frequency =1 / Clock Cycle

* Example: Given the clock cycle = 0.5 ns = 0.5 x107 sec

* Then, the clock frequency = 1/(0.5x107°) = 2x10° Hz = 2 GHz



Memory Elements

 Memory can store and maintain binary state (0's or 1's)
* Until directed by an input signal to change state

* Main difference between memory elements

 Number of inputs they have
 How the inputs affect the binary state

* Examples of memory elements
* Latch
* Flip-flop
* Registers
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SR Latch

"« Alatch is a memory element that can store O or 1
* An SR Latch can be built using two cross-coupled NOR gates
* Two inputs: S (Set) and R (Reset)

* Two outputs: Q and Q NOR
_ X|Y| Z
SR|QO
R (Reset) j > . o) O fof1l
Lo 1 Set state Ol
00 | 1 T
>< 01 |0 1]
Reset state
00| 0
) JO——s Q 1 1|0 0 Undefined
S (Set)

(a) Logic diagram (b) Function table
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SR Latch Operation

R (Reset)

S (Set)

R (Reset)

S (Set)
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Set Operation

Reset Operation

Q|

Q|

=
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R (Reset) 0

Store Operation

Store Operation

S (Set) 2
R (Reset) 0
S (Set) -2

Q|



SR Latch Invalid Operation

Invalid Operation Race Condition
R (Reset) L R (Reset) 120 | 0>1 0
S (Set) S(sety 120 ) ol
S =R =1 should never be used Unknown State
0
If Sand R change from1 2> 0 R (Reset) } Ooril Q
simultaneously then race condition
(oscillation) occurs
Final Q and Q are unknown 0
S (set) 2 Lor0
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SR Latch with Clock Input

An additional Clock (enable) input signal
Cis used

R (Reset) — N\ CR
Clock controls when the state of the _ |
latch can be changed C (Clock) ———4
When C=0, the S and R inputs have no B cs
effect on the latch S (Set) D

* The latch will remain in the same
state, regardless of S and R

When C=1, then normal SR latch
operation

C S R | Nextstate of Q

No change
No change
Q = 0; Reset state

Q = 1; Set state
Undefined

e e e T
_ = O O X
_ o = o X
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D Latch with Clock Input

* OnedatainputD,S =D and R = D, No
undefined state C (Clock)

* Clock controls when the state of the latch
can be changed D (Data)

* When C=0, the D input has no effect on the
latch

The latch will remain in the same state,
regardless of D

* When C=1, latch is enabled, reset if D is 0 and
setifDis 1
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o\ CR
| | Q
s H \Cs ) Q
. -
C D | Nextstate of Q

_ = O

P (O

No change
Q = 0; Reset state
Q = 1; Set state

(b) Function table
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Graphic Symbols for Latches

S — —>Q D — —>Q
SR D
C'_
Latch _ Latch _
R — O— (0 C — O— (0

* A bubble appears at the complemented output a

* Indicates that 6 is the complement of Q
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Register

. A register is a circuit capable of storing data

* An n-bit register consists of n latches and stores n bits of data
* Common clock: data is loaded in parallel at the same clock

* Common reset: All latches are reset in parallel

4-bit
Register
D3 DZ Dl DO
I_ I_ I_ |_ — D3 Q3
D3 Qs Dy Q: Dy Q4 Dy Qo —D; Q2
5 S S S — Dq Q1—
J = ( R ( R ( R —Dy Qo
Clock —D>
Reset ¢ ¢ * |
03 Q> Q1 Qo
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Register Enable

. Question: How to control the loading of data into a register?

* Solution: Introduce an Enable control signal
* If the register is enabled, load the data into the register

* Otherwise, do not change the value of the register

* Question: How to implement register enable?

IIn — 1:0]

tn

Enable —

Clock —

N-bit Register

—— Reset

tn

Q[n — 1:0]



Implementing Register Enable

* Solution: Add a mux (multiplexer) at the D input of the register
* D; = Enable - I; + Enable - Q;
* If Enable is 1then D; = [; If Enable is 0 then D; = Q;

. ﬂlr NI B N Hem %7

Ds; Qs

> > D> >
{R {R {R {R
Clock

Reset ¢ ¢ ¢

Q3 Q2 Q1 Qo
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Random-Access Memory

. Large array of storage cells, capable of storing many O's and 1's

* Random Access: bits can be accessed randomly
* Memory is addressable

e Memory address consists of k bits Data_in

» Can address 2% words in memory ) t "

* Each word consists of n bits Address === \emory

» Memory capacity = 2% X n bits Read — " f;ifms

* Two control functions: Read and Write Write —>

* Read: Data_out « Memory [Address] {”
Data out

* Write: Memory [Address] « Data_in




Memory Address and Content

Example of a RAM
Address = 10 bits
210 addresses
From O to 1023
Data = 16 bits

Memory capacity =
210 % 16 bits =
16 Kbits = 2 KBytes

Memory can be addressed
randomly

Memory can be read and
written

Memory address

Binary Decimal
0000000000 0
0000000001 1
0000000010 2
1111111101 1021
11111171110 1022
11 o o 1023

16-bit data

Memory content

1011010101011101

1010101110001001

0000110101000110

1001110100010100

0000110100011110

1101111000100101

COE530: Lecture 3

17



Modern Connection between CPU and Memory

« Abus is a collection of parallel wires that carry address, data, and control signals. I
* Buses are typically shared by multiple devices.

CPU chip

Register file

—A\
A V1 ALU
N Memory bus

! Main
Memory Controller memory
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Memery Hierarchy

Memory Management

Unit (MMU)
Control CPU
Unit Clock
i
L2and L3 L1d Cache
Cache J I—
L1i Cache |
| A Register || B Register |
Instruction ) A Instruction
Pointer Arithmetic and Pointer
Logic Unit
(ALV)
Instruction Instruction
Reqgister Reqgister
I' Accumulator ,'

Bigger

v
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~200 C?/J TB 5067/68  Solid State (flash) Drive

2-5

Registers
~1 KB (~100 b/core) 3 ns
256 KB (64 KB/core) 1.1ns
1MB (256KB/coreV L5 Cacht Y.3 ns o)
8 MB L3Cache 12.8 ns L%
128 MB L4 Cache 42.4 ns

32 GB / $5-10/GB Main Memory

Vzg ns

\1 ms

$50/TB

Disk Drive

N
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RAM Technologies

"« DRAM

WL gate

feFEOBDUND AL R LA RLRRT

1 Transistor + 1 capacitor / bit
* Capacitor oriented vertically

* Must refresh state periodically

* 6 transistors / bit
* Holds state indefinitely
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Quatnum RAM

. A QRAM is a memory element analogous
to RAM that is able to store data in

TABLE I
q u a nt u m fo rm at A COMPARISON OF CLASSICAL RAM AND QUANTUM RAM.

* The input and output registers are [ Atiributes | Classical RAM__ | Quantum RAM__||
composed of qubits instead of bits, while || mormation storage | Classicat vits 0/ | (4 — 2iov 511
t h e memo ry Access mechanism Using transistors Encoding into

implementation and capacitors superposition

Read operation Read signal Quantuml swap
operation

Write operation Write signal Qubits in input register

Gate activations ©(2™); n = #bits ©(n); n = Fqubits

Error correction Repetition codes Surface codes

Scalability Increasing #bits Increasing #qubits
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QRAM Mechanism

‘e Unlike RAM, QRAM can access multiple mumory locations simultanously using
superposition

* Assume n qubits (i.e. N = 2™ address lines)

* All addresses are presented using basis states |0) ... [N — 1) and are stored in
register r

* Each register |i) will have amplitude «;, so the superposition of all address states
. N-1 .
is Mi—o @;il0)y

. Tl}\i,s iuperposition is sent to r and outputs another superposition states
2i=o il |Xido

* QRAM can be considerelcill_als a quantum %\?E? that performs the following

 QRAM _
> aglily = ) @l lX0s



QRAM Implementation

* QRAM has three components:
* the input (or address) register,
* the output (or data) register,

* and the memory arrays.

* One challenge in QRAM is the no-
cloning therem, i.e.,
* You can’t copy the qubit

* Qubits are transferred using
entanglement operations

* Another challenge is the qubit
decoherence time

;I:E}?'-} T T L XTN_9 TN,
X XX XX X
3= 19 —{X-HXIX XXX
k=0 VN | : : : : ] : :
X:I-—X X—I-—X -I
XX X e X )(_|_1.._I
o — B — B ———
M—1 ., X * IT * * l X
Z?—J—{” P : : : : SO,
=0 v M X" ‘ ‘ ‘ ‘-}{()
10.. Yog, (M)—1

* Qubits need to be encoded in a special

way
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Bucket-Brigade QRAM

(7]

Works in two modes:

1- single address case

2- superposition case Xo00)

1Xo1)

1X10)

1X44)

10)

| X01)
o1 Out.

1X00)

1 Xo01)

1X10)

X14)

Fig. 3. Working of a bucket-brigade QRAM with 2 address lines and 4 memory cells. @ Initial state of the QRAM, all quantum switches are initialized to
|-) state which is a waiting state where the quantum switch waits for incoming qubit states of the memory address to be accessed. @ Input register activates
switches for output register to access data in address |01) (|Xo1)). The address qubits are sent in a sequential top-down fashion starting from the Most
Significant Bit (MSB) all the way to the Least Significant Bit (LSB). In the example shown, first MSB qubit |0) is sent that changes the state of the root
quantum switch @), followed by the LSB qubit |1) that routes the switch to the direction of the memory cell | Xp1) ®. @ Output register reads data | Xp1)
via route of activated quantum switches. @ Superposition of all addresses turning on all quantum switches @ to read superposition of all the data (. Note
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that |[+) = —2-(|0)) + |1))., In.: Input register, Out.: Output register.

2
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Quantum Circuit Implementation of Bucket-Brigade QRAM

la) ¢ *—@
|ag)
0) P ,T\ ¢
—@ NV L
10y —D T
|1) NV
|0)
L
@
|myg, ) &
10) u’T}O DD lou)

Fig. 4. Circuit-based implementation of a bucket-brigade QRAM. Data in
memory cell mg; with address |01) is being accessed via a series of CNOT
and Toffoli gates performing intermediate computation on ancilla qubits. Note
that the CNOT gates highlighted in red are the ones getting activated and the
red path represents the active route of the QRAM.
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More on QRAMSs later in the course

e Other Implementations of QRAM
* Fanout QRAM
* Flip-Flop QRAM
* Entangling Quantum Generative Adversarial Network (EQGAN) QRAM
* Qudits-based memory
* Approximate PQC-based QRAM

e Applications of QRAMs

» Database search: auxiliary circuit to Grover’s algorithm
* Element distinctness

 Collision detection

* Quantum forking

 Storage of classical data



