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EEEE 482 – Electronics II
Experiment #8:   Static Random Access Memory (SRAM) 
Objective
The goal of this lab experiment is to introduce the student to the operation of static random access memory (SRAM), particularly a six-transistor (6T) SRAM cell.  The design of a 6T SRAM cell will be completed subject to certain requirements, including the ability to do nondestructive reading of stored data, and to write and store new data into the cell.  After completion of the design through hand calculations, write-“1” and read-“1” operations will be simulated to confirm design calculations.  A timing sequence for successful write-“0” and read-“0” operations will be developed, then demonstrated in the laboratory through simulation of the designed circuit.
Introduction
This lab will explore the static and dynamic characteristics of a static random access memory (SRAM) cell and supporting peripheral circuits.  An extensive discussion of SRAM circuits can be found in Analysis and Design of Digital Integrated Circuits, by Hodges, Jackson, and Saleh, 3rd ed., McGraw-Hill, Chapter 8.

Figure 1 shows a six-transistor SRAM cell as well as peripheral precharge, read, and write circuitry. The basic six-transistor SRAM cell is comprised of transistors M1 – M6.  Transistors M7 and M8 function as column pull-up devices, precharging both bit lines prior to read and write operations.  They are also both activated when the read-enable signal R goes high, thereby helping a partially discharged bit line recover after a read operation.  Transistors M9 and M10 constitute the write circuitry.  Only one of them can be on at any time, thereby discharging one of the bit lines as preparation for a write operation.  The condition for one of them turning on is that the write-enable signal WE goes high and either data D or its complement 
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 is high.  Lastly, the M11 PMOS transistor is active only during the precharge phase, and acts to ensure equal bit line voltages at the end of the precharge operation.   A PMOS pass transistor is used instead of NMOS since NMOS can’t fully pass a high logic input.  (The NMOS pass transistor shuts off when VGSN = VTN .)  
Voltage levels for all control signals are 0 V and VDD.  The control signal definitions are as follows:

PC
( precharge;

R
( read enable;

WL
( word line;


WE
( write enable;
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, 
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( data, complement of data;
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, 
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( bit line, complement of bit line.
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Figure 1.  Static Random Access Memory (SRAM) Cell with Precharge, Read, and Write Circuitry 
Pre-Lab

Before coming to lab, do all of the following (Parts (1)–(4)):  


Part 1:  Design of Write Circuitry
Objective:  Design peripheral write circuitry to achieve a specified write set-up time.  

Transistors M9 and M10 in Figure 1 serve the purpose of discharging either the bit line BL or its complement 
[image: image7.wmf]BL

, respectively, in preparation for a write operation.  When a write operation is to occur, both bit lines are first precharged by transistors M7 and M8.  Next, the precharge control PC goes low, then the write-enable control signal WE then goes high.  As a result of the AND logic associated with transistors M9 and M10, and depending on the nature of the data D that is to be written, either BL or 
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 is pulled low as a result of discharging its capacitance, Cbit.  (Once the appropriate bit line has been pulled low, the word line WL goes high and the M1|M2|M5|M6 latch begins to change state.  The actual write process will be considered in Part (2).) 
(
Determine the asymptotic precharge voltage of Cbit, Vprecharge.  Voltage levels for all control signals, including PC, are 0 V and VDD.  Note that M7 and M8 in Figure 1 are saturated enhancement load NMOS transistors.
(
Design the write circuitry in Figure 2 — i.e., choose the width of M10 (and, by symmetry, M9 in Figure 1) — such that the write set-up time tws1 is no more than 3 ns.  The write set-up time tws1 is defined as the time for the bit line capacitance Cbit to be discharged from its precharged value to 10% of that initial value.  Use an average-current-based calculation — i.e., the time that it takes to achieve a given voltage change across a capacitor can be approximated as
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where Iavg is the average of the currents flowing to/from the capacitor at the beginning and the end of the voltage transition (V.  Use short-channel MOSFET equations and 0.13 (m technology parameters for all calculations.  The length, LN or LP, for all transistors is 2(.
Round your calculated width W10 (= W9) appropriately to an integer multiple of ( (in (m), the smallest definable size increment for a given technology, then calculate the corresponding write set-up time, tws1.  Remember that tws1 must be less than 3 ns.
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Figure 2.  SRAM Write Circuitry
· Open Capture CIS and construct the circuit of Figure 2.  For the OR gate, construct a two-input NOR (ratioed in the usual manner as WP:WN  = 8(:2() followed by a 4(:2( inverter.  For the AND gate, construct a two-input NAND (ratioed in the usual manner as WP:WN  = 4(:4() followed by a 4(:2( inverter.  
Simulate the precharge and write set-up operations using 0.13 (m technology node parameters:  VTN0 = 0.4 V, kn’ = 432 (A/V2, (n = 0.2 V1/2, 2(F = 0.88 V, and  Ln = 0.1 (m for the NMOS devices;  VTP0 = –0.4 V, kp’ = 112 (A/V2, (p = 0.2 V1/2, 2(F = 0.88 V, and Lp = 0.1 (m for the PMOS devices.  All of the foregoing parameters (vto, kp, gamma, phi, and l) can be set in the .model statements for the NMOS and PMOS devices.  (Since a common gate length is being used for all devices, this parameter can be set in the .model statements, although it would normally be set in Properties.)  The width of each NMOS and PMOS device must be individually set in Properties.  
The clocking scheme of Figure 3 shows control signals PC, R, and WE as well as input D and bit-line voltage 
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 during the precharge and write set-up operations.  The length of the precharge pulse should be determined on the basis of the time that it would take for M8 to charge Cbit up to within 95% of its asymptotic value, starting from a worst-case initial voltage of 0 V (as, for example, in the case of a previous write “1” operation).
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Figure 3.  Clocking for Precharge and Write Set-Up (not to scale)
If you experience convergence problems, you may need to extend the maximum permissible simulation time iteration limit in the ITL4 parameter.  To change the ITL4 parameter, go to the PSpice pull-down menu and select either New Simulation Profile if you have not yet created your simulation profile, or Edit Simulation Profile if you have already created one.  Select the Options tab (the Analysis tab is the default tab that normally appears), and search for the line in which ITL4 is defined.  The line is identified as “Transient time point iteration limit,” and the default is 10.  Try changing the ITL4 parameter to 100.  This will often resolve convergence problems.

Also, don’t use rise and fall times that are unnecessarily short.  Rise and fall times of 1 ps, e.g., are sufficiently short compared to the time scale of voltage transitions in this circuit.
(
Determine the asymptotic precharge voltage, Vprecharge, and the write set-up time tws1 from your simulation and compare to your hand calculations.  Briefly explain any differences.  
Part 2:  SRAM Cell Transistor Sizing for Write Operation
Objective:  Design the six-transistor SRAM cell to allow successful writing, and write a logic “1” into the cell.  

In the full circuit of Figure 1, transistors M1|M2 and M3|M4 have already been sized.  Transistors M5|M6 must be designed so as to allow the drain of M1 or M2 to be pulled sufficiently low during a write operation as to bring the gate of M2 (or M1) below the switching threshold, VS.  More conservatively, the design criterion for M5|M6 would specify that the gate of M2 (or M1) should be pulled down to VTN so as to shut off that device and thereby flip the state of the cross-coupled inverter pair.
(
Assume that prior to the present process of writing a logic “1” into the SRAM cell, a logic “0” was stored.  In that case, then, VQ = VD1 = VG2 = 0 V and 
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V

 = VD2 = VG1 = VDD before initiating the present write-“1” operation.  Design M6 — i.e., determine the maximum permissible W6 — such that the gate of M1 (drain of M2) can be pulled down to ( VTN.  During the time when “1” is being written into the M1|M2|M5|M6 latch, PC = R = 0 and WE = D = WL = VDD.  For ease of calculation, the M4 and M10 transistors should be combined into a single effective NMOS transistor.  Use short-channel MOSFET equations and 0.13 (m technology parameters for all calculations.  The length, LN or LP, for all transistors is 2(.
Round your calculated width W6  (= W5) appropriately to an integer multiple of ( (in (m), the smallest definable incremental size for a given technology, then calculate the corresponding voltage, 
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V

 = VD2 = VG1.  Remember that VG1 must be less than or equal to VTN to ensure a successful write operation.
Make sure that you save/print any schematic diagrams and simulation results that are needed before modifying your circuit!!

(
Construct the full circuit of Figure 1 in Capture CIS, using your designed widths for M5|M6 and M9|M10.  Run the simulation and determine the actual voltage at the 
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 node (the gate of M1 or drain of M2).  The clocking scheme of Figure 4 could be used for the various control signals.  Verify that the gate of M1 (drain of M2) has been pulled down to ( VTN.  If it has not, you must re-check your M6 design calculations and correct them to meet the specifications before proceeding.  Observe the cell write time twc1 — i.e., how long it takes for node 
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 (VG1 = VD2) to drop to VTN from its initial value of VDD.
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Figure 4.  Clocking for Precharge, Write Set-Up, and Write “1”  (not to scale)
(
Now verify that the M1|M2|M5|M6 latch will hold the written logic “1” data.  To do this, modify the control signal timing to correspond to Figure 5.  The significant difference between Figure 4 and Figure 5 is that the word line WL goes low in Figure 5, closing off access to the M1|M2|M5|M6 latch.  You must allow a time period of (1.1*twc1 for the WL pulse.  Verify that a logic “1” has been stored in the SRAM cell by observing the voltage at node Q (the drain of M1; it should be VDD) and at node 
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 (the drain of M2; it should be 0 V).  
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Figure 5.  Complete Clocking for Precharge, Write Set-Up, and Write “1”  (not to scale)
(
Determine your designed ratio of W4/W6, as well as the given ratio of W2/W4.  Compare these ratios to the text’s rough rule of thumb — a ratio of 1.5.
Part 3:  Reading from SRAM Cell
Objective:  Simulate reading from an SRAM cell and determine read access and read recovery times.  
Assuming that M1|M2, M3|M4, and M5|M6 have been properly sized, it should be possible to read stored data out of the M1– M6 SRAM cell without altering the stored information — i.e., it should be possible to perform a nondestructive read.  
In a read operation, one of the two precharged bit lines will discharge somewhat after being given access to the M1|M2|M5|M6 latch.  As a result, the two bit line voltages will separate by several hundred millivolts — a difference which can then be interpreted by an appropriately designed sense amplifier as a logic “0” or “1”.  

Having written a logic “1” into the SRAM cell in Part (2), in this part we will calculate several critical delay times associated with the read process — a read access time tra1 and a read recovery time trec1 — and simulate the read operation.
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Figure 6.  Clocking for Write “1” and Read “1” (not to scale)
Refer to Figure 6 for the timing of control signals during the read operation.  Note that the timing diagram is a continuation of the previous write cycle diagram (Figure 5), thereby ensuring that a known value (logic “1”) has been stored prior to the read operation.  After the bit lines are precharged, the PC control line goes low and the read-enable signal R goes high, then the word line WL goes high, giving access to the M1|M2|M5|M6 latch.  One bit line will remain at its precharged voltage, and the other one will start to discharge through a conductive NMOS path to ground.  The read access time tra1 is defined as the time for the discharging bit line to drop from its precharged asymptotic value (refer to Part (2) for the calculated value of Vprecharge) to 0.6 V.  

As long as the word line WL is high, the discharging bit line will continue to drop in voltage, asymptotically approaching a limiting value Vmin. Once the word line signal WL goes low, the M1|M2|M5|M6 latch is isolated from the bit line and the bit line starts to rise (recover) for another read operation (as long as the read-enable signal R is high).  The read recovery time trec1 is defined as the time for the bit line to rise from its minimum value Vmin to 0.6 V.
· Calculate Vmin.  Use 0.13 (m technology parameters and short-channel MOSFET equations.  Voltage levels for all control signals, including WL and R, are 0 V and VDD.  Assume that a logic “1” has been previously written into the cell.  For purposes of efficiently calculating Vmin, you should combine transistors M4 and M2 into a single effective transistor.  Body effect in M8 must be accounted for.  

· Calculate tra1, subject to the same assumptions as in the calculation of Vmin.  Use an average-current-based calculation, as in Part (1).  Note that, at the start of the read access time period, all the current flowing to ground through M4 and M2 is coming from the bit-line capacitance Cbit, and that the voltage on the bit line is its precharged value, Vprecharge, as calculated in Part (1).  At the end of the read access time tra1 (when the bit line voltage is 0.6 V), some of the current is coming from the discharging bit-line capacitance Cbit and some is coming from M8.  The current from Cbit is the relevant current for calculating the average discharging current during the read access time tra1.  For purposes of efficiently calculating current in M4 and M2 when the bit line voltage is 0.6 V, you should combine transistors M4 and M2 into a single effective transistor.  Body effect should be accounted for where appropriate.  

· Calculate trec1, subject to the same assumptions as in the calculation of Vmin and tra1.  Use an average-current-based calculation.  Note that, at during the read recovery time period, all the current flowing to Cbit is coming from M8.  The initial current flowing is the same as that which corresponds to the calculation of Vmin.  Body effect should be accounted for where appropriate.  
Make sure that you save/print any schematic diagrams and simulation results that are needed before modifying your circuit!!

(
Set up the timing of your control signals to correspond to Figure 6.  Run the simulation and determine Vmin, the read access time tra1, and read recovery time trec1.  Compare your simulated values to your hand calculations. Make the read-enable pulse R at least 5* tra1 in order to accurately observe Vmin.  (This needlessly prolongs the read cycle time, and would not be done in practice.  It is only done here to allow observation of Vmin.)  
(
Save your schematic to a memory stick or CD so it can be loaded and used in lab.  
Part 4:  Preparation for Simulation of Write-“0” and Read-“0” to/from an SRAM Cell  
Objective:  Determine in advance the control signal and input data waveforms required for writing a logic “0” then reading the stored logic “0” to/from the SRAM cell of Figure 1.
In the lab portion of this experiment, you will demonstrate that you can write a “0” into the SRAM cell, then read it out.  This will require setting the appropriate control signals to the required levels at the appropriate times.  The understanding gained in the pre-lab simulations of write-“1” and read-“1” should be helpful in determining the sequence of control signals that will be needed, and in anticipating voltage levels at critical nodes in the circuit.
(
Sketch the timing and voltage levels of control signals and data inputs that will be needed to simulate the operations of writing a logic “0” into the SRAM cell of Figure 1, then reading the logic “0” out.  The waveforms should be presented in a manner similar to Figure 6, which resulted in writing and reading a logic “1” into and from the cell, respectively.
Lab — Measurement of SRAM Performance
In the pre-lab preparation, an SRAM cell and peripheral circuitry were designed to satisfy certain specifications relating to read and write operations.  The ability to write and read a logic “1” into and from the cell, respectively, were demonstrated.  Using the same circuit, the in-lab portion of this experiment will focus on writing and read a logic “0”.  Critical set-up, access, and recovery times will be determined and compared to results from pre-lab simulations.  Proper functioning of the SRAM cell and supporting circuitry will be confirmed.
(Parts (1)–(4) were done as part of the Pre-Lab preparation)
Part 5:  Simulation of Write-“0” and Read-“0” to/from an SRAM Cell  
Load the schematic corresponding to the circuit of Figure 1 that was saved from pre-lab preparations into Capture CIS.  Figure 1 is replicated below.  


[image: image21.emf] 

D  

Q  

_   D  

_   Q  

WE  

WE  

V DD  = 1.2 V  

R  

PC  

R  

PC  

WL  

WL  

C bit  = 1 pF  

C bit  = 1 pF  

M 1  

M 2  

M 3  

M 4  

M 5  

M 6  

M 7  

M 8  

M 9  

M 10  

V DD  = 1.2 V  

BL  

__   BL  

20  /2    20  /2   

1 0  /2   

1 0  /2   

4  /2   

4  /2   

__   PC  

2  /2   

M 11  

10 fF  

10 fF  


(Replication of Figure 1.  SRAM Cell with Precharge, Read, and Write Circuitry)
(
Set up the timing of the control signals by referring to the work done in Part (4) of the pre-lab preparation.

· Run the simulation of a write-“0” operation followed by a read-“0” operation.  
· Verify the proper functioning of the SRAM cell after the write-“0” operation by determining the voltage at node Q (should be 0 V) and node 
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 (should be VDD).  Also verify that these values are unperturbed at the end of the read cycle, thereby confirming a nondestructive read operation.
· Determine the write set-up time, tws0, the cell write time, twc0, the read access time, tra0, and the read recovery time, trec0.  The cell write time twc0 is the time required for the Q node (VD1 = VG2) to drop from VDD to VTN in writing a “0”.  Compare your values to hand-calculated values for write-“1” and read-“1” in Parts (1) and (3) of the pre-lab preparation where possible (twc0 was not calculated).  
· Determine the location and magnitude of the peak current flowing during the write-“0” and read-“0” operations.
Tech Memo  

Summarize the design of the SRAM cell and write circuitry.  Verify the proper functioning of the SRAM cell — i.e., the ability of your designed circuit to write “0” and write “1”, as well as read “0”  and read “1” nondestructively.
Summarize all calculations of voltage levels and device sizes required in the pre-lab preparation.  Summarize the calculations of critical set-up, read access, and read recovery times, and compare calculated times to values determined through pre-lab and in-lab simulation of the circuit.  All information detailed on the check-off sheet should be included in a logical and professionally-organized fashion and should be briefly discussed.
Check-Off Sheet
A.  Pre-Lab
· Design of write circuitry:  (a) Determination of asymptotic precharge voltage, Vprecharge;  (b) calculation of M10 width;  (c) calculation of expected write set-up time, tws1;  (d) simulation of precharge and write set-up operations;  (e) determination of simulated asymptotic precharge voltage, Vprecharge, and write set-up time, tws1, and comparison to hand calculations.
· SRAM cell transistor sizing for write operation:  (a) Calculation of M6 width;  (b) simulation of the full circuit;  (c) verification that the 
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 node has been pulled down to ( VTN;  (d) determination of cell write time, twc1;  (e) verification that the SRAM cell holds the written “1”;  (f) calculation of size ratios and comparison to text rule of thumb.
· Reading from SRAM cell:  (a) Calculation of Vmin, tra1, and trec1;  (b) simulation of full write-“1” and read “1” operations;  (c) determination of simulated Vmin, tra1, and trec1 and comparison to hand calculations.
· Preparation for simulation of write-“0” and read-“0” operations:  Timing and voltage levels of control signals and data inputs that are needed to simulate the operations of writing a logic “0” into the SRAM cell and reading the logic “0”, presented in a manner similar to Figure 6. 
B.  Experimental

· Simulation of write-“0” and read-“0” operations:  (a) Set-up of control signal and data waveforms for simulation; (b) simulation of full write-“0” and read “0” operations;  (c) verification of the proper functioning of the SRAM cell — i.e., that it holds the written “0” and that the stored “0” can be read out nondestructively;   (d) determination of the simulated write set-up time, tws0, the cell write time, twc0, the read access time, tra0, and the read recovery time, trec0, and comparison to hand-calculated values;  (e) determination of peak current during write and read operations.
TA Signature: ____________________________ Date: ___________________________
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