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CA. He received a BS in Geodetic Engineering from the University of the Philippines, his MS in Geodetic Science from the Ohio State University, and his PhD in Mechanical Engineering from the University
of California, Irvine. His research interests include technology-enhanced instruction and increasing the
representation of female, minority and other underrepresented groups in mathematics, science and engineering.
Dr. Cheng Chen, San Francisco State University
Dr. Cheng Chen is currently an associate professor in the school of engineering at San Francisco State
University. His research interests include earthquake engineering, structural reliability and fire structural
engineering.
Dr. Zhaoshuo Jiang P.E., San Francisco State University
Prof. Jiang graduated from the University of Connecticut with a Ph.D. degree in Civil Engineering.
Before joining San Francisco State University as an assistant professor, he worked for Skidmore, Owings
& Merrill (SOM) LLP. As a licensed professional engineer in the states of Connecticut and California, Dr.
Jiang has been involved in the design of a variety of low-rise and high-rise projects. His current research
interests mainly focus on Smart Structures Technology, Structural Control and Health Monitoring and
Innovative Engineering Education.
Prof. Wenshen Pong P.E., San Francisco State University
Wenshen Pong received his Ph.D. in Structural Engineering from the State University of New York at
Buffalo. He joined the School of Engineering at San Francisco State University in 1998. He teaches
courses in Civil/Structural Engineering.
Dr. Pong is a registered Professional Engineer in California. He is a member of the American Society
of Civil Engineers and the Structural Engineers Association of California. He has published over fifty
technical papers in the areas of Structural Control and Earthquake Engineering. Dr. Pong has been the
Director of the School of Engineering at SFSU with 20 full-time faculty and over 25 part-time faculty
since 2009.
c American Society for Engineering Education, 2017

Meeting: Tempe, Arizona Apr 20

2017 Pacific Southwest Section
Paper ID #20670

Prof. Hamid Shahnasser, San Francisco State University
Hamid Shahnasser received the B.E. degree in electrical engineering from McGill University, Montreal,
MS degree in electrical and computer engineering from Carnegie-Mellon University and his Ph.D. from
Drexel University Pennsylvania.
He is currently a professor of Electrical and Computer Engineering at San Francisco State University
and the Engineering graduate program coordinator. His areas of interest are communication networks
and computer systems. Dr. Shahnasser has been a research faculty consultant to NASA Ames Research
Center projects since 1990 and has collaborated on several research grants with that organization since
then. He has received grants from NSA, Department of Education, National Science Foundation and
various private companies carrying out research in the areas of his interest.
Dr. Kwok Siong Teh, San Francisco State University
Kwok Siong Teh received his B.S., M.S., Ph.D. degrees in Mechanical Engineering from the University of Illinois Urbana-Champaign, University of Michigan at Ann Arbor, and University of California
at Berkeley in 1997, 2001, and 2004, respectively. He is currently an associate professor of mechanical
engineering, as well as the Associate Director of the School of Engineering at San Francisco State University. His primary research interests are in the direct synthesis, characterization, and applications of
nanocomposites and nanostructures for energy generation and storage.
Dr. Xiaorong Zhang, San Francisco State University
Xiaorong Zhang received the B.S. degree in computer science from Huazhong University of Science and
Technology, China, in 2006, the M.S. and the Ph.D. degrees in computer engineering from University
of Rhode Island, Kingston, in 2009 and 2013 respectively. She is currently an Assistant Professor in
the School of Engineering at San Francisco State University. Her research interests include embedded
systems, wearable technologies, neural-machine interface, and cyber-physical systems.
Prof. Hamid Mahmoodi, San Francisco State University
Hamid Mahmoodi received his Ph.D. degree in electrical and computer engineering from Purdue University, West Lafayette, IN, in 2005. He is currently a professor of electrical and computer engineering in
the School of Engineering at San Francisco State University. His research interests include low-power,
reliable, and high-performance circuit design in nano-electronic technologies. He has published more
than one hundred technical papers in journals and conferences and holds five U.S. patents. He was a
co-recipient of the 2008 SRC Inventor Recognition Award, the 2006 IEEE Circuits and Systems Society
VLSI Transactions Best Paper Award, 2005 SRC Technical Excellence Award, and the Best Paper Award
of the 2004 International Conference on Computer Design. He has served on technical program committees of Custom Integrated Circuits Conference, International Symposium on Low Power Electronics
Design, and International Symposium on Quality Electronics Design.

c American Society for Engineering Education, 2017

Engaging Undergraduate Students in Research: Efficient Logic
Design in Nano-Scale using Spin Transfer Torque Memory
Technology
Brandon Leung1, Yu Ting Huang1, Fernando Lorenzo1, Sergio Rodriguez1, Janine Young1,
Aliyar Attaran2, Amelito G. Enriquez1, Cheng Chen2, Zhaoshuo Jiang2, Wenshen Pong2,
Hamid Shanasser2, Kwok-Siong Teh2, Xiaorong Zhang2, Hamid Mahmoodi2
1Cañada

College, Redwood City, CA/ 2School of Engineering, San Francisco State
University, San Francisco, CA

Abstract
Research experience is enriching and inspiring for undergraduate students. Research experiences
on advanced technologies are far from reach in undergraduate level studies. In this paper, we
present an approach to address this gap via summer research opportunities for undergraduate
students. The internship is planned over 10 weeks, and the student interns are assigned a
graduate student mentor and a faculty advisor. This paper presents the details of the project,
research and educational objectives, results obtained, and the student surveys assessing the
outcomes. The planned research project is related to the Spin Transfer Torque (STT) Magnetic
RAM (STTMRAM), which is a promising technology for information storage. In this
technology, the information is stored in a magnetic form that is non-volatile and also much more
scalable as compared to the existing charge based storage technologies such as SRAM, DRAM,
and flash. The main target application of STTMRAM is for storage and the main targeted market
is replacement of DRAM main memory and SRAM cache. In this research, we propose a unique
application for STTMRAM and that is to realize reconfigurable logic using Look-Up Table
(LUT) based logic implementation in which the LUTs are implemented using STTMRAM
technology. The results of student surveys on the experience of student participants with the
research internship strongly suggest that such an experience is very valuable in helping the
students decide if they want to purse STEM research careers. Moreover, this experience
enhances students’ technical research skills such as scientific thinking, ability to analyze and
interpret results, and presentation skills.
1. Introduction
The motivation behind this work was to offer research experience to undergraduate students and
inspire them to pursue higher education and research careers. Research experience is not
traditionally offered in an undergraduate curriculum, especially for community college students.
An effective approach to address this gap is to offer summer research experience for
undergraduate students. An effective research experience for undergraduate students requires
proper definition of a focused research problem, proper training and mentoring. Through a
collaboration between a community college focused on education and a 4-year higher education

institution offering research opportunities, we have been able to host five undergraduate students
from the community college in our research laboratory in the 4-year university. The
undergraduate student research interns were mentored by a master student who was experienced
in the assigned research topic. A dedicated faculty member was in charge of defining and
supervising the research tasks.
The research internship was conducted for ten weeks during summer. The undergraduate student
interns had weekly meetings with their mentor and faculty advisor. The assigned research task
was to explore design optimizations for a spin-electronics based logic circuit technology for
reducing power consumption and improving performance. The research tried to evaluate power
and performance trade-offs in various ways of replacing traditional custom logic gate circuits
with programmable spin-transfer torque based Look Up Tables (STT-LUT). The students were
given orientation and resource to learn the basics of the spin-based electronics nanotechnology
under investigation and the operation of the STT-LUT blocks. They were also given tutorials to
learn the modeling and simulation environment. They were tasked to collect power,
performance, and area results of a various partial STT-LUT mapping on an adder benchmark
circuit. They were then asked to interpret the results and offer meaningful conclusions as to pros
and cons and various STT-LUT mapping methods. The choice of this research topic was merely
due to the ongoing research and availability of the resources in this area at the research
laboratory where this internship program was implemented.
The students made midterm and final project progress report in both written and oral presentation
forms to practice their wring as well as oral presentation skills. The students were surveyed on
the effectiveness and satisfaction of their research experience before exiting the program. This
paper shares the research project details, research results, and the student survey results. The
following sections 2 two 4 of the paper get into the technical details of the research conducted by
the interns and may seem to deviate from the educational aspect of the paper, but these can be
viewed as a sample representative work and report on the project created by the interns
themselves.
2. Research Project Background: STT-MRAM Technology
The three forms of memory commonly used today are SRAM, DRAM, and Flash [1]. SRAM is
Static Access Random Memory that can retain data in the form of binary bits of 0s and 1s as long
as power is constantly supplied. It is used as a computer’s cache memory that stores program
instructions for fast access by the processor. SRAM has great read and write speeds but its
memory cell is relatively large in area and hence not a suitable option for large memory arrays.
In Dynamic Random Access Memory (DRAM), data is stored in a capacitor within an Integrated
Circuit. The capacitors can either be charged or discharged, which are used to determine binary
logical states. However, DRAM requires a continuous refreshing (re-writing) of the cell state
because the capacitor slowly discharges when it is not in use. This is due to the leakage currents.
Flash memory is a non-volatile memory where data can be stored without requiring continuous
power supply. It offers slower read and write access time than SRAM and DRAM, but it is nonvolatile and offer higher density [1].
STT-MRAM has the advantages of SRAM, DRAM, and Flash combined without sacrificing
their key benefit [2-4]. STT-MRAM offers the best of these three conventional memory

technologies. It has moderately fast read/write speeds, CMOS compatibility for ease of
integrating existing memory devices, nonvolatility where data is not lost after power is cut off,
and does not require refresh, which means more power efficiency, all with a small cell area that
can make room for more memory per silicon area.

2.1 Magnetic Tunnel Junction (MTJ)
The storage cell in STT-MRAM, is a Magnetic Tunnel Junction (MTJ) device [5]. An MTJ
consists of two ferromagnetic layers and an oxide barrier in between them (Figure 1); one layer
has a fixed magnetic orientation which is referred to as fixed or pinned layer while the other is a
free layer whose magnetic orientation can be altered by changing the direction of the current
passing through it. The relative magnetic orientation of the two layers (parallel or anti-parallel),
represents logical sates of “0” and “1”. If the magnetic orientation of the two layers is in a
parallel state with respect to each other (low resistance state), then it holds a logical state of 0.
Otherwise, if the magnetic orientations are in an antiparallel state (high resistance state), it holds
a logical state of 1 [1].

Figure 1: Magnetic Tunnel Junction device structure [5]
2.2 Read and Write Operations
In order to know the state of a MTJ or to switch the state of the MTJ, a current has to be applied.
The applied current is different depending on the function that needs to be accomplished. If the
desired function is to know the content of the cells (read operation), a relatively small current has
to be applied to the MTJ. This current has to be smaller than the critical write current, which is
the minimum current required to switch the state of an MTJ. The current will sense the resistance
of the MTJ and the cell’s status as a state of 0(low resistance) or a state of 1(high resistance) will
be read. On the other hand, if the desired function is to switch the state of the MTJ (write
operation), then a current equal to or greater than the critical write current has to be applied [6].
2.1 Look-Up Table Memory Implementation using STT-MRAM
Besides standalone large memory applications, STTMRAM offers a unique opportunity for
building small Look-Up-Table (LUT) memories. LUTs are used for building reconfigurable
logic hardware. For STTMRAM based LUT (STT-LUT), Magnetic Tunnel Junctions (MTJ) are
utilized to store information that is used to determine the specific logic function of an STT-LUT.

An STT-LUT is composed of a number MTJs for storing the hardware configuration state and a
multiplexers (MUX) for selecting a unique MTS state to be read out (see Figure 2) [6-7]. A
MUX is a combinational circuit in which a set of selection inputs determines a specific input
signal to be selected as output signal [8]. The number of MUX-based LUT selector signals sets a
limit on numbers of input signals; in other words, 2n bit content requires n numbers of selector
signals.

Figure 2: Structure of an STT-LUT

Figure 3: devise XNOR gate by programming the content of LUT

Each LUT works as a reconfigurable logic block. Any logic function can be mapped to an LUT
by programming the content of the LUT to represent the truth table of the desired function. For
example, consider the mapping of an XNOR function (see Figure 3). To devise a 2-input XNOR
function, a LUT with 2 inputs, x1 and x2, is needed and its 4-bit content should be programmed

according to the XNOR’s truth table, which is the bit pattern 1 0 0 1. More complicated logic
functions with multiple inputs can be mapped securely by programing the content of LUTs.
3. Case Study: STT-LUT Mapping on Adder Circuit
We investigate various methods of mapping a partial set of logic gate to STT-LUTs in an adder
benchmark circuit. In this approach the design will utilize a hybrid of custom and reconfigurable
logic components [9]. Fig. 4 shows the schematic of the 4-bit adder used as a benchmark circuit
in this research. The logic gates along the highlighted path form the critical delay path. Here we
report various hybridizations of the 4-bit adder that utilizes reconfigurable logic gates in the form
of STT-LUT based logic implementation. We performed simulations on the 4-bit adder to
measure and analyze specific data points such as minimum delay, active and standby power
consumption, power delay product, and area. The minimum delay is the amount of time taken for
the adder to complete its operation. Active power consumption is the amount of power used by
the adder when in use. Unlike active power, standby power is power used by the adder when
idle. The power delay product is simply the product of the minimum delay and active power at
maximum operating frequency. The area is represented by the accumulative area of all transistors
used to create the adder. Before we can create an optimal hybrid circuit with multiple STTLUTs, we need to investigate the overhead of implementing each logic gate individually in the
STT-LUT form. After extracting the data from the STT-LUT mapping of individual gates, we
select a specific set of logic gates based on predesigned selection algorithms to map and create a
hybrid adder circuit.
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Figure 4: Gate level schematic of 4-bit adder benchmark circuit

3.1 Single Gate STT-LUT Implementations
STT-LUT implementation provides better security and programmability but it also runs the risk
of increasing performance penalties like delay and power consumption. In this step, we explore
the power, performance, and area penalty as a result of mapping individual logic gates of the
adder into an STT-LUT. This will allow us to identify the gate that their LUT implementation
will have minimum impact on the adder performance.
The logic gates are replaced one at a time with their respective STT-LUT implementation and
then the adder is simulated and characterized. The extracted characteristics are then compared to
the those of the all custom CMOS implementation of the adder, also known as the circuit without
any STT-LUTs.

3.2 Multiple Gate Implementation
Implementation of multiple gates in the STT-LUT form offer higher levels of reconfigurability
and security, but potentially at the cost of higher performance penalty or overheard. After
mapping each gate and finding how they individually affect the performance of the circuit, the
next step is to map multiple gates at once and measure the impact on the performance of the
circuit. Due to the excessively large number of gate combinations, it is unreasonable to map all
possible cases of multiple gates. To find the best combination, three selection algorithms were
used to determine which set of gates should be mapped. The algorithms are independent
selection, dependent selection, and parametric-aware dependent selection [7].
The independent selection algorithm, selects gates that are not along each other’s pathways,
hence the name independent. The idea behind this selection is to map as many gates, as possible
while avoiding any delay overhead. Although the delay overhead will be minimized, the security
of the circuit is more compromised. An attacker can potentially decrypt the function of the LUT
by simply using trial and error; this is known as the brute force method. This is possible due to
the fact that the preceding and subsequent gates of the LUT is not mapped, giving the attacker an
idea of what kind of function the LUT might hold [7].
Unlike the independent selection, the dependent selection algorithm selects gates that share the
same pathways. This protects the circuit from potential threats by making it more difficult to
decipher the LUTs as opposed to independent selection. Since the mapped gates are along the
same pathways, this method could result in more speed penalty as the cascaded LUT delays add
up. This selection trades speed for security [7].
The parametric-aware dependent selection algorithm selects gates that do not produce extreme
delay regardless of whether or not they share the same path. This selection prioritizes the
maximum number of gates that can be mapped without leading to a large amounts of delay
overhead. Unlike independent and dependent selection, the gates are mapped in no specific
sequence as long as the mapping does not produce a significant penalty [7].

4. Results and Discussions
Through Hspice simulations, results of the delay, active power (both at minimum period, which
is 26ps, and at the 1ns period), the power delay product (PDP), the stand-by power, and the area
of the adder can be obtained. To evaluate the effectiveness of STT-LUT implementation, the
results are compared against the result of a base design that does not use any STT-LUTs and
rather every logic gate is a fixed (hard-wired) type. This is called an all custom CMOS design.
The critical output, which is the indication of where the delay critical path ends and if the critical
path has changed at all as a result of any STT-LUT mapping, was observed.
4.1 Single Gate Implementation Results

For individual gate STT-LUT mapping, one gate at a time is replaced with its equivalent STTLUT implementation and the design is characterized. Fig. 5 shows example of LUT mappings
where a gate is replaced by an LUT of the same number of inputs. Each gate is identified by its
output node. Some gates a simple inverter (e.g. gate n1), or two-input gates (e.g. gate PB0). C2 is
a 3-input gates and C3 is a 4-input gates. C4 is an example of a complex 5-input gates that is
mapped to a single 5-input LUT. Though C4 gate appears to have 5 inputs, there are only 4
unique inputs due to the input GB3 becoming an input to each of the two internal AND parts.

Figure 5. Various LUT mappings
As expected from STT-LUT characteristics, STT-LUT replacement of a gate may result in delay
overhead. The minimum delay is the delay of the adder when none of its gates are replaced with
LUTs, which is the all custom CMOS implementation and it is observed to be 26 pS. Fig. 6
highlight the logic gates whose individual replacement by STT-LUT does not result in overall
delay overhead for the adder. As observed from these results, all the gates on the critical path and
some gates that are not on the critical path (referred to as non-critical gates) cause delay when
replaced by STT-LUT.

Figure 6. Gates with no delay overhead, when individually replaced by STT-LUT
The adder delays as a result of STT-LUT mapping of individual logic gates are shown in the bar
graph in Figure 7. The mapping of critical gate C3 produced the longest delay of 34ps, which is

1.31 times greater than the delay of the all custom CMOS design. Another critical gate, N2,
produced the second highest delay of 32ps, which is 1.23 times greater than the all-custom
CMOS delay. The mapping of a non-critical gate, such as C4, displayed the third highest delay
of 29ps, which is 1.15 times greater than the all custom CMOS delay. STT-LUT mapping of gate
C4 resulted in the same delay as the mapping of the critical gate S3.

Figure 7. Adder delay by STT-LUT mapping of individual logic gates. The left most black
bar represents the all custom CMOS case. The red bars represent logic gates along the
critical path. The multicolored bars represent the non-critical gates.
The active power is measured at two different time periods (i.e. data rates): at the adder’s
minimum delay and at a 1 ns period (i.e. 1 Giga samples per second). Comparison of the active
power at the 1 ns period than the minimum delay period, because the power is depended on the
data rate and the minimum delay (i.e. min data rate period) is different from one implementation
to the other.
As expected from STT-LUT characteristics, STT-LUT replacement of any gate results in active
power, area, and Power-Delay-Product (PDP) overhead. LUTs have a larger area, which is due
to more complex design of multiplexers and memory cells, than logic gates. Hence, the higher
the number of inputs to a logic gate, the larger the area and power overhead of its LUT
replacement. The PDP is the product of the delay and active power at the minimum period of
each gate’s LUT implementation. PDP is the energy consumed by the adder when the gates are
mapped with LUTs. The results of active power, area, and PDP are shown in a set of bar graphs
at Figures 8, 9, and 10, respectively.

Figure 8. Active power of adder at a 1 ns period (individual LUT mapping)

Figure 9. Area of adder (individual LUT mapping)

Figure 10. PDP of adder at minimum period (individual LUT mapping)
The mapping of gates C3 and C4 resulted in an active power of 2.80 and 2.81 times greater than
the all custom CMOS and their area overheads are 2.62 and 2.61 times greater. When gate C4 is
LUT mapped, it has two less transistors than gate C3, thus causing only the slightest difference
in area and active power. Since gate C3 has a higher delay than gate C4, the PDP will also have
a proportional overhead of 1.81 and 1.56 times greater than the PDP of the all custom CMOS.
The mapping of gate C2 results in an active power and a PDP of 1.90 and 1.33 times greater than
the all custom CMOS and an area overhead of 1.76 times larger.
As for the critical output, only three gates displayed a change in the critical path: gates C2, C4,
and S2. Interestingly, gate C2 did not have a single critical output, but created multiple critical
delay outputs which were S0, S2, and S3. Gates C4 and S2 are respectively a carry and sum
output gate so their critical path changed to their own outputs. The critical path changed for gate
C4 due to the large LUT implementation and overhead in delay. As for gate S2, a possibility as
to why the critical path changed was due to its C2 input. Gate C2 is a 3-input gate and one of its
inputs is an output from the critical path in which the delay may have carried over.

4.2 Multiple Gate Implementation Results
For multiple gate mapping, three optimization algorithms are used to select a set of gates to be
replaced with LUTs. These optimization algorithms include independent selection, dependent
selection, and parametric-aware dependent selection, respectively. The gates are chosen by
following the specific rules of the algorithms, the details of which are described in [7].
The independent selection are gates that do not intersect with each other nor are subsequent to
each other. The algorithm applied to this selection chose specific gates with the 4-bit data inputs

(A0 to A3, B0 to B3) and/or a sum output gate (S0 or S1). For inputs (A0, B0), gate AXB0 or
the sum output gate S0 can be chosen. For inputs (A1, B1), gate AXB1 or the sum output gate
S1 can be chosen. For inputs (A2, B2), only gate AXB2 can be chosen. For inputs (A3, B3),
gates GB3, PB3, or AXB3 can be chosen. There are 12 possible combinations. Two examples
of combinations are shown in Figure 11.

(a) One possible combination: gates GB3, AXB2,
AXB1, and S0.

(b) Another possible combination: gates PB3, AXB2,
AXB0, and S1.

Figure 11. Two possible sets of independent selected gates
The dependent selection are gates that reside along the same path and can be subsequent to each
other. The algorithm applied to this selection chose specific gates with delay overhead. Two
examples of the selection are shown in Figure 12. Figure 12(a) refers to the first case selection
of gates GB0, N7, C2, and S2. This selection shows the dependency of gates when all have
delay overhead and when the path is nonconsecutive. Gate N7 is dependent on gates GB0 and
C0B. Gate C2 is dependent on one of three inputs, none of which were implemented with an
LUT, and the output gate S2 is dependent on gate C2. In other words, this nonconsecutive path
contains a break in dependency. Figure 12(b) refers to the second case selection of gates GB1,
N5, N3, N9 and C4. Both the input and output gates, GB1 and C4, have delay overhead. This
selection shows the dependency of gates when there is a mixture of gates with and without delay
overhead and when the path is consecutive.

(a) First case selection: gates GB0, N7, C2, and
S2.

(b) Second case selection: gates GB1, N5, N3, N9 and
C4.

Figure 12. Two sets of dependently selected gates
The parametric-aware dependent selection are gates that do not severely impact the delay,
regardless of dependency. The algorithm applied to this selection chose all gates that do not
produce delay overhead except for two 2-input gates, GB1 and GB0, and the carry output gate
C4. The example of the selection is shown in Figure 13.

Figure 13. A set of parametric-aware dependent selected gates
Figure 14 illustrates the adder delay after STT-LUT mapping of the logic gates selected by these
algorithms. As can be concluded from Figure 14, LUT replacement of multiple gates does not
result in delay overhead for independently selected gates. Based on the individual mapping
results, the following gates chosen for this selection method did not produce delay overhead as
well. LUT replacement of multiple gates results in delay overhead for both dependent and
parametric-aware dependent selections. The first case of dependent selection resulted in a delay
1.23 times greater than the all custom CMOS. The second case of dependent selection resulted
in a delay 1.15 times greater and the parametric-aware dependent selection resulted in a delay

1.12 times greater. There is more overhead in the dependent selection, despite having lesser
gates implemented than the parametric-aware dependent. When gates in the same timing path
are replaced with LUTs, the input of one gate is dependent on the other, thus it is possible for
more delay overhead to carry over and accumulate.

Figure 14. Adder Delay (multiple gate STT-LUT mapping)
STT-LUT replacement of multiple gates produces active power, area, and PDP overhead. The
results are shown in a set of bar graphs at Figures 15, 16, and 17, respectively. The results are
extracted in a similar way with the individual mapping data. Upon comparing the results of the
independent selections, it is noticeable that they have roughly the same values for in terms of
active power, area, and PDP. All independent selections are approximately 2.68 times greater in
active power than the all custom CMOS. All independent selections are approximately 2.34 and
1.40 times greater in area and PDP, respectively, than the all custom CMOS. The reason for this
trend is because all the selected gates are 2-input gates and all are replaced with LUT2.
With increasing area, there will also be an increase in active power and PDP. The first and
second dependent selection and the parametric-aware selection had an area overhead of 2.82,
4.03, and 5.35 times greater, respectively. The same trend is observed for the active power,
which are 3.15, 4.48, and 6.21 times greater, and the PDP, which are 1.68, 2.01, and 2.46 times
greater than the all custom CMOS.

Figure 15. Active power of adder at a 1 ns period (multiple gate mapping)

Figure 16. Area of adder (multiple gate mapping)

Figure 17. PDP of adder at minimum period (multiple gate mapping)
The critical output was also observed for the multiple gate mapping. The independent selections
did not have a change in critical path, as their critical output still ends at gate S3. For the first
dependent selection, the critical output was gate S2. A possibility for this change is due to the
first two gates, GB0 and N7, being in the critical path, and gate C2, which is a 3-input gate, thus
providing more delay. For the second dependent and the parametric-aware dependent selections,
their critical output was gate C4. Since gate C4 was implemented with an LUT and there was an
observed high delay from the individual results, the critical path changed to this output.
5. Student Surveys
Table 1, 2 and 3 summarize the results of pre- and post-program student surveys designed to
measure perception and overall impact of the research internship program on student
participants. Although the student intern group conducting the presented research was composed
of five inters, the surveys were conducted on a cohort of about 20 student interns from different
engineering disciplines as part of a bigger project. The planned research experience was based on
successful implementation of the same program in the past couple of years [10-14].
From Table 1, it is observed that while generally students had high level of agreements to all
questions asked on the purpose of doing a research internship, they noticeably showed a higher
level of confidence in choosing a STEM research career after the internship. This shows that
doing a research internship offers students a better insight into nature of STEM fields so that they
can better decide if they want to pursue STEM research.
Table 2 shows that the participant had a high level of satisfaction with different parts of the
internship program. The students as a group made two oral project presentations; one at the
midterm of the program and another at the end as the final project presentation. The midterm

project presentation allowed an opportunity for students to receive feedback on the project
progress and their presentation skills. The graduate student mentor spent 20 hours per week
assisting student interns in conducting the research; while the faculty advisor met them on a
weekly basis for the discuss the overall project progress and challenges. The research was
divided into several milestones each with specific completion deadlines so that students could
assess their progress. At the beginning students where provided with some textbook and simple
articles covering he background needed to understand the research problem. The graduate
student mentor also spend time tutoring the interns on the background subjects.
Table 3 shows the improvements in technical skills obtained by students going through the
internship program. Most notably students’ understanding of a scientific approach to real
problems improved significantly. Students also showed improvements in understanding the
research process, integrating theory and practice, analyzing data and other information, giving an
effective oral presentation, and scientific writing.
Table 1. Survey on Purpose of internship. 1 - Strongly
Disagree and 5 –Strongly Agree.
gain hands-on experience in research
solidify my choice of major
gain skills needed to successfully complete a BS degree
clarify whether graduate school would be a good choice for me
clarify whether I wanted to pursue a STEM research career
work more closely with a particular faculty member
get good letters of recommendation
have a good intellectual challenge
read and understand a scientific report
write a scientific report
ask good questions related to the scientific process
set up a scientific experiment
work with others to plan and conduct scientific experiments
talk to professors about science
think like a scientist
*Difference is statistically significant at p < 0.050.

Post
4.46
4.18
4.21
4.04
4.36
3.96
4.25
4.54
4.25
4.04
4.18
4.07
4.61
4.25
4.18

Pre
4.75

Diff
-0.29

4.00
3.79
3.86
4.32
4.64

0.04
0.57*
0.10
-0.07
-0.10

Table 2. How satisfied are you with each of the following? 1 being LEAST satisfied and
5 being MOST satisfied.
Opening Day at SFSU (June 6th)
4.44
Faculty Adviser Description of Project (June 6th)
4.41
Meetings with Graduate Student Mentor
4.67
Meetings with Faculty Adviser
4.52
Mid-Program Presentations (July 21st)
4.57
Final Presentations (August 12th)
4.65
The results of your project
4.48
Your final poster
4.36
Your final presentation
4.54

How much you learned from the program
Your group mates
Your faculty adviser
The Summer Internship Program as a whole
Table 3. Please indicate your level of agreement with the following statements.
1-Strongly Agree, 5-Strongly Agree.
Prompt
Post
I was able to conduct the scientific research that is part of my summer
internship.
4.43
I am confident I will transfer to a four year institution .
4.89
I am confident I will complete a BS in a STEM field .
4.89
I can imagine myself continuing after my BS to pursue a Master’s Degree in
a STEM field .
4.29
I can imagine myself continuing after my BS to pursue a Ph.d. in a STEM
field/Medical School/other education beyond the Master's level.
3.39
I have a clear career path.
4.14
I have skill in interpreting results.
4.32
I have tolerance for obstacles faced in the research process.
4.39
I am ready for more demanding research.
4.14
I understand how knowledge is constructed.
4.21
I understand the research process in my field.
3.86
I have the ability to integrate theory and practice.
4.07
I understand how scientists work on real problems.
4.28
I understand that scientific assertions require supporting evidence.
4.43
I have the ability to analyze data and other information.
4.39
I understand science.
4.00
I have learned about ethical conduct in my field.
4.07
I have learned laboratory techniques.
3.93
I have an ability to read and understand primary literature.
4.07
I have skill in how to give an effective oral presentation.
4.22
I have skill in science writing.
3.89
I have self-confidence.
4.21
I understand how scientists think.
3.89
I have the ability to work independently.
4.25
I am part of a learning community.
4.50
I have a clear understanding of the career opportunities in science.
4.43
*Difference is statistically significant at p < 0.050.
**Difference is statistically significant at p < 0.001.

4.50
4.52
4.48
4.61

Pre

Diff

4.79 0.10
4.71 0.18
4.29 0.00
3.50 -0.11
3.79
0.35
3.86 0.46*
4.04 0.35*
3.82
0.32
3.86
0.35
3.21 0.65*
3.61 0.46*
3.61 0.67**
4.25
0.18
3.96 0.43*
3.71
0.29
4.18
-0.11
3.82
0.11
3.82
0.25
3.79 0.43*
3.43 0.46*
4.29
-0.08
3.71
0.18
4.25
0.00
4.46
0.04
4.18
0.25

6. Conclusion
Via a summer research internship program five undergraduate students from a community
college were involved in a research program in a 4-year university in the area of logic design
using nano-scale Spin Transfer Torque Magnetic Memory (STT-MRAM) technology. The
students were mentored by a graduate student and supervised by a dedicated faculty member in
charge of the research project.
Utilizing STT-MRAM for logic design requires the use of lookup table memories design by
STT-MRAM. The students were tasked to investigate various methods of STT-LUT mapping of
logic gates in a 4-bit adder benchmark and compare with the traditional all custom CMOS
implementation. After characterizing the impact of mapping one gate at a time on the adder
performance, multiple gate LUT mapping was performed. For multiple gate LUT mapping, the
gates were selected using three algorithms: independent selection, dependent selection, and
parametric-aware dependent selection. In terms of delay and power consumption, independent
selection would be ideal due to the fact that it avoided delay overhead entirely. As for hardware
security, dependent selection would be more effective since it is more difficult for an attacker to
break the circuit. Parametric-aware dependent selection offers more hardware security than
independent selection and less delay than dependent selection but requires the highest power
consumption of the three. Depending on the needs of the manufacturer, they can choose certain
algorithms to prioritize performance or security.
The results of student surveys on the experience of student participants with the research
internship strongly suggest that such an experience is very valuable in helping the students
decide if they want to purse STEM research careers. Moreover, this experience enhances
students’ technical research skills such as scientific thinking, ability to analyze and interpret
results, and presentation skills.
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