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Abstract
Due to increase in SoC complexity, the cost of production testing on automated testing equipment
(ATE) is increasing, which directly impact the gross margin and viability of any SoC. These pushes
SoC maker to look for an alternative method of testing. This paper proposes an alternate scheme
for production testing whereby major part (I/O AC specification testing, functional testing, loopback
of Serializer/De-serializer (SERDES) testing, frequency testing, Built-In-Self-Test (BIST) etc) of the
SoC testing except wafer testing (stuck-at fault, AC scan testing, DC) can be done with a pre-
tested and pre-verified custom made SoC. It will help, to minimize the dependencies of Automatic
Test Equipment (ATE) for SoC testing on production significantly. Hence production testing cost
per device will be reduced. Also this scheme will enable to test many of the functional features of
SoC on silicon, which were not possible to test using ATE due to high test cost. In this paper the
micro architectural details of the scheme, system requirements, design challenges and case study
conducted on different SoCs are presented.
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Introduction

Today’s SoC is integrated with many functions which in-turn increase the silicon die size and
correspondingly increases the complexities of testing on ATE [8]. As we engage ATE to test many different
features of a SoC, eventually we compromise on gross margin of any product. International Technology
Roadmap for Semiconductor (ITRS), Test and Test Equipment [1] shows different drivers of Test cost.
And which is going to increase with shrinking technologies to come. ATE capital expenditure is one
of the significant contributors to the overall test cost. Several approaches [2–6,16,19–21,25,27] are available,
which talks about different strategies to reduce overall test cost of SoC. But none of the approach talks
about testing a SoC without ATE.

Different type of testing is performed on ATE on production, which include DFT testing, input/output
(I/O) timing specification (DC and AC) testing, critical functionality testing, loopback testing for
SERDES/RF circuits, BIST, power binning, frequency binning etc for a typical SoC. In recent times,
due to high integration of SerDes/RF circuits on device, the loopback testing [18,22] is adopted as suitable
alternative method on production testing to cover digital and most of the analog circuitry. Paper [17]

describes one of the most efficient ways of testing IOs without relying on high cost ATE by providing
internal loopback configurations. ATE has many features (for e.g. shmooing etc) which are needed
mostly during the development phase of SoC testing, where comprehensive testing is done to check the
health of silicon across process, voltage and temperature (PVT). Once SoC passes through qualification
process, it goes to production for mass manufacturing. During mass manufacturing SoC is mainly tested
for DFT, I/O timing, critical functionality for high speed interfaces, loopback testing, CBIST [23] etc at
their specified limit, mentioned in the hardware specification document of SoC. Therefore, for GO-NO-
GO program or to decide pass or fail of a chip we don’t need many of the ATE’s expensive features.
Therefore we can think of a testing mechanism, whereby only a subset of ATE subsystem, is required to
test a SoC. In this paper, we propose an alternate mechanism whereby silicon testing can be done with
a pre-tested and pre-verified SoC on production. This pre-tested and pre-verified SoC can be called as
ATE Replacement Chipset (ARC). The ARC can be thought of as very simplified architecture of an ATE,
similar to one shown in figure 2 of [7].

Here we are mainly targeting testing AC specification of different I/O pad, functional features testing,
loopback testing, CBIST, frequency and power binning. The ARC consists of different IPs like processor
Core, Ethernet Controller, DDR memory responder, eSDHC controller etc. Along with different IPs, it
has calibration logic, delay unit for compensating Process-Voltage-Temperature (PVT) variation. There
will be a load board designed with design under test (DUT) and ARC along with traditional ATE
components [8] like handler etc. There will be test software running on a computer connected to load
board and handler to control the testing flow. I/O AC timing specification can be measured by exchanging
predefined data with proper I/O timing using delay unit between DUT and ARC. The respective data is
captured and compared with golden data to make sure that corresponding test passes or fails. Similarly
loopback, CBIST, functional testing can be done using this scheme.

The paper content is organized as follows. Section II discusses top level block diagram of SoC testing
with ARC. Section III talks about detail I/O AC timing measurement scheme for Ethernet interface
and DDR Interface. Section IV discusses SERDES loopback testing using ARC. Section V discusses
different structural testing like LBIST/FBIST/CBIST by using ARC. Section VI talks about the different
implementation challenges. Section VII provides several case studies on test time saving and scope of
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additional features testing with this new architecture on various SoCs. Finally, section VIII concludes the
paper.

SoC Testing Sub-system with ARC

Figure 1. Top Level Block Diagram of SoC Testing Using ARC

Figure 1 shows how a SoC can be tested using an alternate approach. The basic infrastructure of testing
a SoC without ATE consists of a load board containing mainly DUT and ARC, 2-way communication
channel, a testing software and a handler. The testing software contains the following 1. Test stimulus
for the test to be performed 2. Golden data to be used for determining pass or fail of any test. 3.
Calibration program of ARC for determining delay across process-voltage-temperature (PVT) corners.
4. Configuration of load board (if any). 5. Handler program. To measure an I/O AC timing parameter
of any interface, DUT & ARC will be configured by test stimulus of testing software. The test stimulus
contains configuration of different peripherals, and data pattern to be used for the measurement of I/O AC
timing, and output data comparison wrt golden data for the respective peripherals. After DUT and ARC
configuration, DUT will perform a read transaction from ARC to measure input AC timing. The incoming
data from ARC will be given programmable delay such that it will reach to DUT with intended setup and
hold timing parameter to be measured. DUT captures the incoming signals (data and control) with applied
timing by ARC. The received data will be stored in an internal memory of DUT. The testing software
reads the internally stored data and compares with the golden data. If it matches then corresponding test
will be considered as passed for the applied input timing. Similarly output AC timing can be measured by
sending write transaction to ARC by DUT and ARC captures the incoming data after delaying data wrt
clock such that intended timing relation is maintained. The captured data are stored in internal memory of
ARC and later read out and compared by testing software to determine pass or fail of corresponding test.
Before performing any test, ARC’s delay line logic will be calibrated to find out the per unit buffer delay
in a particular PVT condition. This delay line logic is used for applying a configurable delay between
data/control and clock, so that I/O setup and hold timing can be measured across PVT. Testing software
controls the handler movement for replacing the DUT from the socket of load board.
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I/O AC Timing Measurement using ARC

Ethernet Interafce
Figure 2 shows the data flow that occurs between ARC and DUT for the measurement of I/O AC timing
specification of an Ethernet [9] interface. It can be in any mode like reduced gigabit media independent
interface(RGMII), reduced ten bit interface(RTBI), gigabit media independent interface(GMII), media
independent interface(MII) etc. The magenta color line shows typical data flow for the measurement
of output AC timing for the transmit interface signals. The test stimulus of testing software triggers
processor core of DUT to transmit frames from Ethernet interface of DUT to ARC. The incoming signals
after reaching to ARC passes through the Ethernet measuring unit (EMU), which delays the incoming
signals with intended timing. The delayed signals reach to the Ethernet controller of ARC. Now Ethernet
controller of ARC receives these data/control signals and finally stores inside the internal memory like
L2 cache etc after processing. The stored data are read out by the testing software via debug port (e.g.
JTAG [24]) connected in the 1st universal serial bus (USB) port of laptop via power tap. The power tap
is an external bus translator which translates jtag transactions to USB in both directions. Now testing
software compares the data with golden data to determine pass or fail condition.

Figure 2. Transmit & receive data flow between DUT & ARC for AC spec measurement.

The yellow color line shows typical data flow for the measurement of input AC timing of the receive
interface signals. The test stimulus of testing software triggers processor core of ARC to transmit frames
from Ethernet controller (of ARC). The transmitted frames pass through the EMU which are delayed
with intended timing and it finally reaches to DUT. The Ethernet controller of DUT receives the frames
and processes it further. Finally the data are stored into the internal memory like L2 Cache etc of the
DUT. Now these data are read out by the testing software via JTAG port and compared with golden data
to determine pass or fail condition.
1) RGMII (1Gigabit) AC timing parameter specification

Figure 3 depicts the I/O AC timing diagram of the RGMII mode of Ethernet. Here GTX CLK is same
as TXC (transmit clock) of RGMII specification [9].
2) Transmit section of EMU in RGMII Gigabit mode
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Table 1. RGMII AC Timing Specifications

Parameter Symbol Min Typ Max Unit

Data to clock output skew (at transmitter) tSKRGT TX -500 0 500 ps
Data to clock input skew (at receiver) tSKRGT RX 1 - 2.6 ns

Figure 3. RGMII AC timing and Multiplexing Diagrams [9,10]

Figure 4. Block diagram of transmit path of EMU

Different phases of transmit I/O AC timing measurement by EMU of ARC in Ethernet -RGMII mode
are given below:
a) Reset Phase

In this phase mainly, Phase Lock Loop (PLL) configuration of EMU, delay line calibration and EMU
registers programming are done.
b) I/O AC timing measurement steps of Tx path of DUT

i) Firstly edge of output GTX CLK (125MHz) is detected by edge detection circuit of EMU.
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ii) As the gtx clk is periodic in nature, therefore using a delay chain two strobes at 3.5ns & 4.5ns will
be generated w.r.t previous edge to capture the incoming transmit data (TXD) to ARC. The strobes
are gtx clk 3p5 & gtx clk 4p5 as shown in figure 5.

iii) The TXD either will be delayed or advanced at a particular PVT corner, therefore to sample the data,
we will have to do the following –

1. Data pattern sent on transmit line are captured with strobe at gtx clk 3p5 (inside EMU).

2. Capture data are in-turn passed through Ethernet Controller. The Ethernet controller decodes the
incoming frames and stores the frame content in L2 Cache. Once frame is stored, the testing
software reads the stored data via USB port which is connected with JTAG port via power tap.

3. If capture data matches with the expected data then this passes for -500ps skew (between gtx clk
and TXD) and skip step 4.

4. If the captured data doesn’t match with expected data using gtx clk 3p5 then same data pattern has
to be resent for capturing data with strobe gtx clk 4p5 i.e. to check if data arise after +500ps w.r.t
clock.

5. Test will be considered to be passed if either of steps 3 & 4 is passed. If none of steps 3 & 4 are
passed then, it is considered to be failed.

6. As the TXD data on the negative edge arrives from a different flop, the skew relation with gtx clk
will be different wrt positive edge of gtx clk. Therefore we will have to run the pattern four times
to make it pass. If anyone of the four skew combination mentioned in Table 2 is passed the test will
be considered as passed. In table 2, “ON” denotes test need to be run with corresponding strobes
selection and “NA” means corresponding strobe doesn’t participate in AC timing measurement.

Table 2. Different combination of skew to be tested

Sl no gtx clk pos 3p5 gtx clk pos 4p5 gtx clk neg 3p5 gtx clk neg 4p5 State Combination

Test1 ON NA ON NA 00
Test2 NA ON NA ON 11
Test3 ON NA NA ON 01
Test4 NA ON ON NA 10

The Decision Logic decides which strobes to be used for capturing incoming data (TXD, TX CTL),
which in-turn goes to Ethernet controller of ARC.

Figure 6 shows flow chart for output AC timing measurement of Ethernet interface. First step is to
calibrate the delay chain in a particular PVT corner where output AC timing specification measurement
is to be performed. The next step is to detect the clock (gtx clk) inside ARC and generate four strobes
as shown in Fig 5. Now DUT sends write transaction (i.e. transmit Ethernet frames) to ARC. The ARC
captures the incoming frame with selected strobes and passes to Ethernet controller inside the ARC.
Finally the frame content stored to internal memory (e.g. L2 Cache) of ARC. The stored data are read
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Figure 5. Timing diagram for AC spec measurement with different strobe

Figure 6. Flowchart for output AC timing measurement of Ethernet

out by laptop and compared with the golden data. If test passes atleast with two strobes as given in table
2, then the corresponding test can be declared as passed, otherwise it will be considered as failed.
3) Receive section of EMU in RGMII (1Gigabit) mode

Figure 7. Block diagram of input AC spec testing of Ethernet RGMII
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Figure 7 shows data from the Ethernet controller of ARC arrive at the delay line of EMU with edge
align wrt RX CLK (RXC). As the input AC timing specification between RXD/RX CTL and RX CLK
is 1ns – 2.6ns as given in table 1 (i.e. minimum skew is 1.0ns and maximum skew is 2.6ns), therefore we
have to test for both the minimum & maximum skew limit. Here configurable delay line is being used to
provide the adequate delay i.e. 1.0ns and 2.6ns between RXD/RX CTL & RX CLK in two separate run
of same test.

Figure 8. Flow Chart of input AC timing measurement of Ethernet

Figure 8 shows flow chart for the measurement of input AC timing specification. Again the first step
is to calibrate the delay chain in the particular PVT corner where measurement/testing to be performed.
ARC sends write transaction (i.e. transmit Ethernet frames) to DUT. The next step is to provide the 1ns
delay between RXD/RX CTL and RX CLK. These delayed signals are captured by Ethernet controller
of DUT. The data are further processed and finally the frame content is stored to internal memory (e.g.
L2 Cache) of DUT. The stored data are read out via JTAG port of DUT and compared with golden data.
If received data matches with golden data then the corresponding test is considered to be passed for that
given input AC timing. If test is failed for 1ns input AC timing then same test to be re-run with 2.6ns
delay. If it passes with 2.6ns delay then corresponding test can be considered as passed else test is failed.

DDR Interface
Figure 9 shows DDR measuring unit (DDRMU) with different functional blocks required for the
measurement of I/O timing AC specification parameters for DDR interface [12]. There is calibration logic
which determines per unit buffer delay in a particular PVT corner for the delay chain. There is a delay
control unit which sets the delay in delay chain required for different interface signals of DDR like
DQS, DQ, and ADDR/CMD etc. Each interface signals passes through the delay chain whose delay is
controlled by the delay control unit.
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Figure 9. Block diagram of DDR measuring Unit depicting different functional blocks

1) Input AC timing measurement

Figure 10. Logic involved in I/P AC timing measurement for DDR

Figure 10 shows the logic involves for the measurement of input AC timing of DDR interface. The
mechanism is similar to input AC timing measurement of Ethernet interface.
2) Output AC timing measurement

Steps for output AC timing (setup/hold) measurement:

1. The incoming MDQS signal is being delayed by KHDS/KLDS delay chain as shown in figure 12
to generate pulse for KHDS & KLDS measurement.

2. The incoming signal is delayed by KHDX/KLDX delay chain as shown in figure 12 to generate
pulse for KHDX & KLDX measurement.

3. The complete setup has to be run twice to make all the setup and hold measurement.

4. The control logic shown in figure 12 controls which test to be run.
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Figure 11. Timing diagram of output AC Timing [12] of DDR

Figure 12. Logics involved for output spec measurement of DDR

Figure 13. Timing Diagram of setup (KHDS & KLDS) & hold (KHDX & KLDX) measurement

5. The captured data by ARC is stored in internal memory.

6. Using JTAG data can be read out for comparison, which determines PASS or FAIL of AC timing.

In similar fashion AC timing of address & command signals can be measured using appropriate delay
between clock and address/command signals in ARC logic.
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In a similar way, micro architecture of measurement unit of other peripherals (e.g. USB, SPI, DIU etc)
can be done and integrated into a single SoC to build the ARC.

SerDes and RF Interface Testing using ARC

In [17], the most efficient ways of testing most of the functionality of IOs without relying on the tester is
discussed and it is done by providing internal loopback configurations. This AC IO loopback are broadly
comprised of 1) setup the test. 2) Execute the test algorithm. 3) Checking the results. The above flow
can be easily executed by programming appropriate configuration through debug port like JTAG or test
port. Similarly typical loopback testing path of serdes is shown in figure 2 of [23]. Here the loopback
testing [18,19,22] of Serdes/RF is consist of broadly above steps, which can be executed by JTAG/debug
port. Once the DUT is placed on the ARC setup, the test loading, execution and results checking can be
done by ARC using its JTAG port.

Circular/Logic/Functional BIST using ARC

BIST is well known and one of the most adopted strategy for structural test for different components
of design [26] including memory, complex logic, microprocessor, serdes, etc in place of pure functional
testing. In [16], the authors have shown how FBIST can be used for testing microprocessor functional part
with high coverage. In [23], authors have shown how circular BIST logic can be used to exhaustively test
the digital part of high speed serdes. In general most of the BIST execution involves configuring the BIST
controller, wait for the execution of the selected algorithms and finally checking the results with expected
values. These all can be done via JTAG port or any debug port. Once associated BIST controller gets
implemented in design, the programming & result checking can be done by ARC as it involves sequence
of JTAG transactions.

The Different Implementation Challenges

In the previous sections we have discussed about the micro architecture of measuring units that can be
coupled with individual controller while designing ARC. There are various challenges that need to be
taken care of during the implementation of ARC.

Calibration Logic
The calibration logic should be designed in such a way that it can calculate per unit buffer delay in a
particular PVT corner with an accuracy such that different I/O AC timing measurement is possible.

Delay Chain Length
Delay chain consists of series of buffers and it should have sufficient number of buffers such that it can be
used to measure different I/O AC timing parameters of future SoCs. With shrinking technology node and
with increase in speed of different IPs, I/O AC timing is getting reduced day by day. Therefore, designing
a delay chain, keeping in mind, future technology node and future version of IP will be a challenge.
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Precise Edge Detection Circuit
The edge detection circuit is needed to detect the edge of clock or data depending on whether clock is
input or output. And edge detection circuit should have high precision to provide more accuracy while
performing at-speed AC timing specification testing.

Case Study

ATE Test Time saving of SoC P1025
Table 3 shows different interfaces of a product [10] and their corresponding ATE test time when the
product is tested on production line with Verigy 93k tester [12]. We have not shown other test like the
BIST/parametric in this case. Here we have shown interfaces which are eating up test time significantly
e.g. ETSEC & QE interface consumes 5500 & 9500 millisecond (msec) respectively. The ATE test time
& ATE tester resources are very expensive and every product is designed with a budgeted test time
to have a targeted gross margin and that limits the scope of testing on ATE. The product P1025 [10]

has different functional interfaces/protocols like eLBC, DDR, 60X (processor core test mode), ETSEC
(Ethernet Controller), QE (Quicc Engine), JTAG, LYNX, Platform AC (i.e. SDHC, USB, SPI, I2c, UART,
etc) and SCAN [15].

Table 3. ATE test time break up of SoC P1025 [10]

Interface Test Time (msec)

eLBC 427
DDR 7823
60X (Core Exposed mode) 2100
Platform AC (Low Speed interfaces) 600
ETSEC 5500
QE 9500
SCAN 1434
JTAG 320
LYNX (SERDES) 3200
Total 30904

Table 3 shows that functional testing (at-speed + I/O AC timing) consumes 85% of ATE test time.
Therefore we can conclude that I/O AC timing and feature testing consume most of the ATE test time [11].
If the proposed ARC based strategy is followed, the test time incurred due to I/O AC specification testing,
functional testing, power binning, frequency binning etc can be reduced and significant cost can be saved
per device [14].

ATE Test Time saving of SoC MPC8548
Table 4 shows test time break up for another SoC MPC8548 [13]. Here also I/O AC timing and other
functional testing, consumes more than 80% of ATE test time, which can be reduced if we adopt ARC
based testing.
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Table 4. ATE test time break up of SoC MPC8548 [13]

Interface Test Time (msec)

JTAG 755
SCAN 2569
Platform AC/Speed 4197
CORE Functional/Speed 4602
DDR 7614
HSSI Function 4086
LBIU 5545
LYNX (SERDES) 5927
ETSEC 3633
Parametric/Overhead 3033
Memory 2289
Total 44250

Production Cost Saving Analysis
In modern days production testing cost contributes almost 50% of the product cost. On mass production
with this scheme major portion of the device production testing cost ac be saved, it will improve gross
margin of the device. In this approach test time is not a cause of concern. Therefore it gives enormous
flexibility to SoC makers to test many critical features to increase the quality of silicon, hence reduces
customer return [24].

Conclusion
In this paper an alternate methodology of testing a chip with pre-tested and pre-verified SoC has
been proposed. The basis of this new idea is to reduce ATE test time incurred due to I/O AC timing
measurement, functional features testing, BIST, loopback testing, etc in production. This methodology
will help to improve the gross margin of any SoC by reducing the ATE test time significantly. In our
knowledge, this is the first of its kind of proposal of testing an IC with pre-tested and pre-verified SoC [27].
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