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1 AUTOMATED TEST EQUIPMENT

      Automatic or Automated Test Equipment (ATE) is any apparatus that performs tests on a device, known as the Device Under Test (DUT), using automation to quickly perform measurements and evaluate the test results. 
      An ATE [4] can be a simple computer controlled digital multimeter , or a complicated system containing complex test instruments (real or simulated electronic test equipment) capable of automatically testing and diagnosing faults in sophisticated electronic packaged parts or on Wafer testing, including System-On-Chips and Integrated circuits. 
      ATE is widely used in the electronic manufacturing industry to test electronic components and systems after being fabricated. ATE is also used to test avionics and the electronic modules in automobiles and in military applications like radar and wireless communication.[4]
      There is a variety of different approaches that can be used for automatic test equipment. Each type has its own advantages and disadvantages and can be used to great effect in certain circumstances. When choosing ATE systems it is necessary to understand the different types of systems and to be able to apply them correctly.
      There is a good variety of types of ATE systems that can be used. As they approach electronics test in slightly different ways they are normally suited to different stages in the production test cycle. The most widely used forms of ATE used today conform to [3]  are listed below:
- PCB inspection systems:   PCB inspection is a key element in any production process and particularly important where pick and place machines are involved. Manual inspection was used many years ago, but was always unreliable and inconsistent. Now with printed circuit boards that are considerably more complicated, manual inspection is not a viable option.
- ICT In circuit test: ICT is a form of ATE that has been in use for many years and is a particularly effective form of printed circuit board test. This test technique not only looks at short circuits, open circuits, component values, but it also checks the operation of ICs.
- JTAG Boundary scan testing:   Boundary scan is a form of testing that has come to the fore in recent years. Also known as JTAG (Joint Test Action Group) or by its standard IEEE 1149.1, boundary scan offers significant advantages over more traditional forms of testing and as such has become one of the major tools in automatic testing.
- Functional testing:   Functional test can be considered any form of electronics testing that exercises the function of a circuit. There are a number of different approaches that can be adopted dependent upon the type of circuit (RF, digital, analogue, etc) and the degree of testing required.
- Combinational test:   No single method of testing is able to provide a complete solution these days. To help overcome this, various automatic test equipment systems incorporate a variety of test approaches. These combinational testers are generally used for printed circuit board testing. By doing this, a single electronics test is able to gain a much greater level of access for the printed circuit board test and the test coverage is much higher. Additionally, a combinational tester is able to undertake a variety of different types of test without the need to move the board from one tester to another. In this way a single suite of tests may include In-circuit testing as well as some functional tests and then some JTAG boundary scan testing.
      Each type of automatic test philosophy has its strengths and accordingly, it is necessary to choose the correct type of test approach for the testing that is considered.
      By utilizing all the different test techniques appropriately, it is possible to use ATE to its fullest advantage. This will enable tests to be executed swiftly, while still providing a high level of coverage. While it is possible to use different types of tests, it is necessary to ensure that products are not over tested as this wastes time. In this way the most effective test strategy can be defined. 

      In the following two sections I am going to present ATE from two different approaches:
 Oscilloscope measurements in ATE [1]
 ATE for Phased-Array Modules [2]


2 FUNDAMENTALS OF OSCILLOSCOPE MEASUREMENTS IN AUTOMATED TEST EQUIPMENT 

      The digital storage oscilloscope ([1]) is an instrument found in most ATE systems which becomes a very powerful test and diagnostic tool. In practice, many oscilloscope users take advantage of only a small fraction of the powerful features available to them. Waveform measurements are a fundamental oscilloscope feature that, if not used properly, can return inaccurate or misleading results so, selecting the right measurement from a catalog of possibilities and accurately interpreting the results can cause confusion and mistakes.
      Digital storage oscilloscopes vary greatly among vendors in terms of form factor (stand-alone, PXI, VXI, PCI), resolution (8-bit, 12-bit, 16-bit), acquisition rates (1 MS/sec, 1 GS/sec, 40 GS/sec) or functionality (advanced triggering, deep memory, self-calibration).
      One aspect that separates true oscilloscopes from most PC-based, modular digitizers is the ability to make measurements in hardware on an onboard processor. The available measurements also differ from one oscilloscope to another and  the algorithms used to complete the measurements may differ slightly among vendors.
      Oscilloscope measurements can be sorted into the following three categories:
• Vertical-Axis
• Horizontal-Axis
• Frequency-Domain
      When using measurements within each of these categories, it’s critical that users understand them fully to avoid pitfalls because inaccurate or misinterpreted measurements can lead to false failures or passes, which may result in a defective final product or expensive re-testing.

2.1 Vertical-axis measurements

      Vertical-axis measurements analyze the vertical component of the applied signal. These measurements most often describe a signal in terms of a voltage level, but they can also correspond to current, power, or any other physical phenomena converted to voltage via a probe or transducer. Some common vertical-axis measurements include Amplitude, Peak-To-Peak, Average and RMS measurements.

2.1.1 Vertical Resolution and Accuracy

      An oscilloscope with an 8-bit analog-to-digital converter (ADC) has 28 (256) levels available while a 16-bit ADC has 216 (65536) levels. Thus, a 16-bit oscilloscope has 256 times more resolution than an 8-bit oscilloscope. Since only finite levels are available to represent the signal, there is a quantization error of 1 least significant bit (LSB). To find the minimum detectable voltage change (code width), the input range should be divided by the number of levels.
      The dynamic range of an oscilloscope refers to how well the instrument can detect small signals in the presence of large signals and is expressed in decibels (dB). It is limited by the quantization error and all other noise sources such as background noise, distortion, spurious signals, etc. 
Dynamic Range(dB) = 20 * log(Vmax/Vres), where Vmax is the maximum voltage that must be acquired and Vres is the minimum resolution that can be seen.
      A good rule of thumb is that every bit of resolution equals 6 dB of dynamic range. An 8-bit instrument’s theoretical maximum dynamic range is 48 dB, but it is significantly less once all limitations are considered.
      Accuracy refers to the oscilloscope’s ability to represent the true value of a signal. The achievable accuracy of an instrument is limited by the resolution of the ADC.
      The factors that reduce the accuracy of an oscilloscope can be mostly lumped into high- frequency errors (such as noise) and low-frequency errors (such as drift stemming from temperature, aging, bias currents). High-frequency errors can usually be removed by oversampling and averaging while low-frequency errors often require the calibration of the instrument, either internally or through a factory calibration.

2.1.2 Relative vs. Absolute Measurements

      An oscilloscope’s accuracy is often specified in terms of gain accuracy and offset accuracy. Gain accuracy is related to how well it handles high-frequency noise and can be called its relative accuracy. Offset accuracy is related to how well it handles the low-frequency issues and can be referred to as absolute accuracy.
      Vertical-axis measurements can either be relative or absolute in nature. Relative measurements compare two voltages within the same signal. Amplitude is an example of a relative measurement because it returns the difference between the high and low voltage. Relative measurements are unaffected by the offset error. Absolute measurements are a representation of their real-world value and are affected by gain and offset errors. The Average measurement is an example of an absolute measurement.

2.1.3 Amplitude vs. Peak-To-Peak

      Two vertical-axis measurements that are often confused are Amplitude and Peak-To-Peak as they are identical for all types of signals, except a pulse signal, shown in Figure 1.
      Peak-To-Peak returns the difference between the extreme Maximum and Minimum values, while the Amplitude returns the difference between where the pulse settles at the top (High) and bottom (Low) of the signal.


[image: ]
Figure 1 : Vertical Axis Measurements [1]

2.1.4 Root Mean Squared (RMS) & Average

      The methods used to characterize the vertical level and power using the entire waveform are Direct Current (DC) RMS, Alternating Current (AC) RMS and Average measurements.
      The Average function is the mean vertical level of the entire captured waveform.
[image: ]
      The DC RMS and AC RMS measurements return the average power of the signal. The DC RMS returns the entire power contained within a signal including AC and DC components.
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      The AC RMS is used to characterize AC signals by subtracting out the DC power, leaving only the AC power component.
      All three of these measurements are more accurate than the Amplitude and Peak-To-Peak measurements, due to the fact that every single point in the waveform is included in the calculation of the Average and RMS measurements so the noise that may be present in the signal is canceled out.
      When measuring the Average or RMS values, the more points that are acquired in the waveform, the better the accuracy of the measurements become. The upper bound of the accuracy is determined by the number of bits in the onboard processor. The tradeoff for the higher accuracy is longer computations since more points must be analyzed.
      When only a few cycles of a waveform is acquired, it becomes critical to acquire only the full cycles or otherwise the results contain an asymmetric error. There are a few ways to avoid this circumstance: the best way is to acquire a longer waveform that includes many cycles so that the offset is effectively minimized. This method requires more time and more onboard memory to store the waveform. Another way is to make use of the Cycle RMS or Cycle Average measurements. These calculate the RMS and Average including only the points from the first cycle of the waveform. The third way to solve the problem would be to use a gated measurement. Gated measurements allow the user to choose the points that are included. This can be done by selecting a start and stop time or a start and stop point. Both the Gated By Time and Gated By Points methods require the user to know the period of the waveform.

2.1.5 DC Power Supply 

      A common problem of DC power supplies is that a transient voltage occurs at its output whenever the load changes.

2.2 Horizontal-axis measurements

      Horizontal-axis measurements involve analyzing the horizontal time axis of the applied signal and include measurements such as Period, Frequency and Rise Time.

2.2.1 Horizontal Resolution and Accuracy

      The horizontal-axis resolution is limited by the sample rate of the onboard clock. The horizontal-axis accuracy can be reduced by high-frequency errors (clock jitter or phase-noise)  and low-frequency errors (drift associated with temperature, aging).

2.2.2 Horizontal Waveform Measurements

[image: ]
Figure 2 : Horizontal Axis Measurements [1]

      The Period measures the average time for a cycle to complete using the entire waveform in the capture window. 
      The Frequency is the inverse of the period and is measured in Hertz.
      The Positive Pulse Width measures the time from the first rising edge to the first falling edge, while the Negative Pulse Width does the opposite. 
      The Positive and Negative Duty Cycles are calculated by taking the ratio of their corresponding Pulse Widths to the Period. 
      All of these measurements are calculated based on the Middle voltage level which is simply halfway between the High and Low values.
      When acquiring Period and Frequency measurements their accuracy can be very much affected by the sample rate. For more accurate Frequency and Period measurements, it is best to sample at a far greater rate than the signal and capture many cycles. 
      Cycle Average and Cycle Frequency measurements can be used to measure only the first cycle if desired.
      Phase measurements make most sense when acquiring two or more waveforms to determine how many radians or degrees a waveform is shifted in relation to another.

2.2.3 Edge Measurements

      All edge measurements are made in relation to the Reference High (REF HIGH), Reference Middle (REF MID) and Reference Low (REF LOW), which are user-selectable. 
      The Rise Time (RTIMe) measures the relative time for the leading edge of a pulse to rise from the REF LOW to the REF HIGH. The Fall Time (FTIMe) measures the same thing on the falling edge. The Rise Crossing Time (RTCRoss) is the absolute time when the waveform rises above the REF MID, measured from the start of the waveform. The Fall Crossing Time (FTCRoss) measures the same thing on the falling edge. 
      One possible problem when taking edge measurements are inaccurate crossings due to noise on the vertical axis. These problems can be avoided by either oversampling and averaging or by using the Smooth function before taking the measurement to reduce the noise.
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Figure 3 : Edge Measurements [1]

2.2.4 Relative vs. Absolute Measurement

      Period of a waveform compares two points on the same waveform, so it’s often unnecessary to relate this to a real-world or absolute time and for that reason it is considered a relative time measurement. An example where the absolute time would be important is measuring the Time of Maximum (TMAX), which returns the timestamp of the first maximum voltage level in relation to the start of the acquisition.

2.3 Frequency-domain measurements

      Frequency-domain measurements involve translating a time-domain waveform with a fast Fourier transform (FFT) and then measuring the noise and distortion characteristics in the frequency domain. Frequency-domain measurements provide magnitude and phase characteristics versus frequency.

2.3.1 Frequency Resolution and Accuracy

      Using the FFT to quickly transform a signal into its frequency components is powerful because it reveals signal characteristics that can’t be seen in the time-domain. The accuracy of the FFT can be improved by analyzing longer waveforms. Due to the nature of the calculations, the resolution is limited to half of the resolution of the onboard processor. The FFT algorithm is binary in nature, so for the best performance it is wise to select a waveform size that is equal to 2N.

2.3.2 Frequency-Domain Measurements

      The Signal-to-Noise Ratio (SNR) is the ratio of the RMS amplitude of the fundamental frequency to the RMS amplitude of all non-harmonic noise sources. SNR is commonly used when only the narrow-band around the fundamental frequency is of concern and the harmonics will not have an effect on the system under test.
      The Total Harmonic Distortion (THD) is the ratio of the RMS amplitude of the sum of the first nine harmonics to the RMS amplitude of the fundamental. THD is a concern when using active components such as amplifiers and mixers where the harmonics need to be minimized to reduce distortion.
      The Spurious-Free Dynamic Range (SFDR) is the ratio of the RMS amplitude of the fundamental to the RMS amplitude of the largest spurious signal. SFDR is used when there is a dominant spurious signal in relation to the other noise and distortion components.
      The Signal-to-Noise and Distortion (SINAD) is the ratio of the RMS amplitude of the fundamental to the RMS amplitude of the sum of all noise and distortion sources. SINAD is used in broadband applications where all harmonics and noise will affect the signal.
      The Effective Number of Bits (ENOB) is another way of expressing SINAD. It provides a measure of the input signal dynamic range as if the signals were converted using an ideal ADC.

      By taking into consideration the previously mentioned facets of waveform measurements, users can avoid the common pitfalls in using oscilloscopes and increase its power when is used as test equipment.

 
3 AUTOMATED TEST EQUIPMENT FOR PHASED-ARRAY MODULES

      In [2] is described a computer-controlled production test system for airborne phased-array microwave modules : In the transmit mode accurate measurements of module output power and phase as a function of input power and frequency are made automatically on a pulse basis and with 4:1 frequency translation from module input to output. Module receiver gain, IF output phase and noise figure are measured as a function of frequency and local oscillator input power in the receive mode. Other measurements under computer control include dc levels, input and output VSWRS, gain compression, output pulse characteristics, spurious levels and spectral purity.
      All test parameters are automatically compared to unit-specification limits as well as reference-standard (unit-to-unit) limits. 
      The system errors are measured periodically through use of calibration standards, stored in memory and applied as corrections to the measured data on the module under test. Input power, derived from a coherent microwave synthesizer, is automatically adjusted to the required level prior to each test. All test data are recorded on magnetic tape and available to the operator by means of a line printer when desired. 
      The module test fixture incorporates precision (APC)-7 to module adapters, dc connections, an array simulator and temperature control.
      The phased-array radar utilizes an antenna system composed of a large number of solid-state microwave transmitter–receiver modules which are all identical and each is in itself a small, transmitter, receiver and antenna with the capability of varying the phase of the RF signal. 
      The Reliable Advanced Solid-State Radar (RASSR) array, for which the test equipment in [2] was designed, is made up of 1648 active transmit-receive elements. Measurement of output power and phase as a function of input power, frequency and temperature were required on a pulse basis complicated with a frequency translation from S to X band. Other measurements required included VSWR, output pulse characteristics, dc levels, receiver gain and phase characteristics, noise figure, spurious signal levels and spectral purity. A minimum of 700 individual measurements, plus 800 limit comparisons, are required on each element.
      Figure 4 is a block diagram of the RF module to be tested. This module consists of two identical array elements. In the transmit mode pulsed S-band energy is applied to the module where it is phase shifted, amplified and multiplied to X band and radiated from the antenna. 
In the receive mode, an X-band signal is received by the antenna element and heterodyned to an IF output signal. The local oscillator input to the mixer is derived from a signal applied to the common S-band input port.
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Figure 4 : X-band phased-array module block diagram [2]
      An automatic system capable of testing the RASSR module is comprised of many instrumentation and control subsystems. The automatic test system may be viewed as being comprised of two functional units, a digital control system and an instrumentation or measurement system. The way that units interface with the operator and the module under test are shown in Figure 5 and the block diagram of the digital control system is shown in Figure 6.
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Figure 5: Functional block diagram [2]

[image: ]
Figure 6: Control and interface block diagram [2]

      The peripherals used are:
 The card reader - reads 80 column cards at the rate of 300 cards/rein; is used in program construction and loading.
 The line printer - prints 80 characters/line at a rate of 356 lines/rein and outputs the test results when desired.
 The teleprinter - prints 30 characters/s and is used for operator communication and system control.
 The magnetic tape - used to log test forcing conditions and test results; all test data are recorded.
 The dual cassette - used for program storage and to augment core memory.
      The test system was designed to allow both transmit and receive tests without physical reconfiguration of the module under test.
      The system requires specially designed components and instruments such as : the frequency standard, coherent synthesizer and phase/amplitude measurement unit.
      In order to satisfy test-system source requirements dictated by the stringent phase-accuracy and spectral purity specifications placed on the module, an extremely stable coherent microwave synthesizer was designed.
      All-output frequencies are derived from a frequency standard with 0.0005 percent/year accuracy. Separate coherent outputs from the standard are used for system timing, pulse generation and coherency tests.
      The phase/amplitude measurement unit is used to measure transmitter output power and phase, complex reflection coefficient, receiver gain and phase and gain compression, in conjunction with the appropriate RF plumbing. 
      One test requires the measurement of phase during the pulse. The phase/amplitude measurement unit was designed to make this measurement by using special IF gating. The phase of the input signal to the phase measurement circuitry is established during the sample gate “on-time.”
      It is also necessary to measure the module output power and phase in both transmit and receive modes as a function of input power level. Input power has to be precisely adjusted in small increments at each test frequency. The power control method used at S band is shown in block diagram form in Figure 7 below.
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Figure 7 : Power-control block diagram [2]

      A controller was designed to allow complete manual operation of the test console for on-line troubleshooting and for special engineering tests. Manual control of power, pulse-repetition frequency (PRF), pulse width, signal paths, dc voltage and all test instruments are provided. Phase states and TR position in the module under test can also be selected manually so that all tests normally made automatically can be made on a manual basis.
      Test fixtures for the module and subassembly configurations are designed to allow rapid insertion and removal of the device to be tested. The module test fixture includes precision APC-7 adapters with a quick disconnect to the coaxial, dc, and logic terminals of the module. The array simulator is incorporated in a quick-disconnect adapter from the antenna element. When tests are complete on one element, this adapter is rotated and attached to the other antenna element. So all interfaces are carefully designed to insure good repeatability.

      The major system measurement errors are essentially removed through use of self-calibration techniques. These errors include mismatch, tracking, crosstalk and directivity. 
      Errors due to noise are minimized by averaging several measurements at each test condition. The frequency accuracy and repeatability of the coherent synthesizer virtually eliminated these common sources of error. 
      Random system repeatability errors caused by switches, step attenuators and connectors at the module insertion point were minimized by component selection and design.

      The test features of the system can be summarized as follows:
1) Amplitude and phase is measured automatically on a pulsed basis and with frequency translation.
2) System errors are measured periodically, stored and applied as corrections to the measured data.
3) Test parameters are automatically compared to unit specification limits, as well as reference standard (unit-to-unit) limits.
4) Input power is set automatically prior to each test.
5) Phase measurements can be made over any 100-ns portion of the output pulse.
6) Dual output coherent synthesizer.
7) Test figures incorporate precision adapters and temperature control.
8) Manual override.
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