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10.0 INTRODUCTION
Today’s wireless communication products are increasingly complex and more integrated than ever before. The low prices that consumers pay for wireless phones in a competitive market demand low-cost Radio Frequency Integrated Circuits (RF ICs). The test cost has become an important factor in determining the profit margin. To economically test high volumes of RF ICs at a fraction of the IC cost, we must adjust our existing test methods and define new test strategies. As pointed out in International Technology Roadmap for Semiconductors (ITRS) 2003 [1], “Customer requirements for form factor and power consumption are driving a significant increase in design integration levels. Test complexity will increase dramatically with the combination of different classes of circuits on a single die or within a single package. In particular, for System-in-Package (SIP) increased focus on known good die and sub-assembly test will be driven by the cost issue”. The commercial wireless industry has driven a need for very low cost RF IC’s built with very low cost packages and manufacturing processes. A key contributor to the cost of manufacturing an RF IC packaged part is the module final test. Up until that step in the manufacturing process, the components can be handled in a batch mode with standard high volume wafer fabrication and package part assembly equipment. Once the part hits RF test, it must be individually placed in a precision socket with precision pressure, and electromagnetic isolation, and tested at a very narrow band, high frequency and low signal level. The ability to mechanically handle individual components and place them in a precision socket quickly and repeatable has been addressed by the commercial handler manufacturers with a range of efficiencies. 
The actual RF ICs are electrically tested with either of a rack and stack bench top equipment connected to a PC, or with commercially available Automatic Test Equipment (ATE). Usually, the most costly and complex component in these systems are the RF receiver, or spectrum analyzer/digitizer, and the RF source(s). Figure 10-1, gives an idea of how basic ATE test cost increase when incorporating mixed signal and RF options to it. Most systems are configured to handle only one receiver per system and up to four optional sources. Receivers must handle a frequency range between 100MHz and 6GHz and have a very high dynamic range capable of measuring stringent two tone signals such as Adjacent Channel Power (ACPR) or Third Order Intercept Point (IP3). These signals are difficult to measure because they consist of a primary high power frequency or tone at 900MHz to 6GHz which is adjacent to a very low level noise tones 10MHz away which must be measured repeatable to 0.1dB accuracy. The high susceptibility of the Device Under Test (DUT) to electromagnetic noise from it’s immediate surroundings and the need for an extremely sensitive, precision RF receiver to be able to make these type of measurements tends prohibit parallel site testing. The sources must be capable of providing up to 6GHz with low phase noise and a power output between -120dBm to 13dBm in .1dB steps. 
This chapter describes methods to address the constraints of RF testing. It provides a discussion of the characteristics of an RF test system that incorporates   sub-circuits that can be included to the RF test board to convert the RF signal to a DC signal. This critical step has a major impact to the cost of test for an RF device by converting the test system from a complex RF single site tester to an extremely fast, inexpensive multi-site DC tester. The result of this approach drives the cost of test of these systems to that of a high throughput DC parametric tester. The sources are designed with high precision components while the key components, such as a low noise Voltage Control Oscillator (VCO), are designed for the frequency band of interest for the Device Under Test (DUT). Each successive frequency band utilizes the same circuit board with the same VCO package. 
Before proceeding to the details of the test architecture, we discuss the types of RF ICs and the tests required for them along with the challenges in developing circuits to perform the tests: to ensure they are capable of making accurate measurements required by the test, and they are fast enough and repeatable to keep the cost down for high volume manufacturing testing.
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Figure 10-1: ATE cost increase with additional mixed signal and RF features
10.1 TESTING RF IC’s
10.1.1 
RF IC Categories
There are three basic categories of RF IC’s: 

1. Pure RF ICs; e.g. Low Noise Amplifier (LNA), Power Amplifier (PA), Voltage Control Oscillator (VCO), Mixer, etc.

2. Combined RF / Mixed Signal ICs; e.g. Wireless LAN (WLAN), Global System for Mobile Communication (GSM) or Digital Audio Broadcasting (DAB) 
Transceiver

3. Combined RF / Mixed Signal / digital Base Band ICs; e.g. WLAN, GSM or Global Positioning System (GPS) SOC

The first category performs a single RF function and has a low pin count requiring power, an RF receiver, possibly an RF source and a few, if any, digital controls. Typical RF tests required for the first category are: 

1. Gain for the LNA, PA, Mixer
2. Noise Figure (NF) for the LNA, Mixer
3. 1dB Compression Point for the LNA, PA, Mixer
4. Third Order Intercept Point (IP3) for the LNA, PA, Mixer
5. Standing Wave Ration (SWR) for the LNA, PA, Mixer

6. Adjacent Channel Power (ACPR) for the PA

7. Phase Noise, VTune, Frequency Range for the VCO)

The second category performs several Radio Frequency (RF)/Intermediate Frequency (IF) functions. In addition to the requirements of the first category, these usually require more digital pins and complex programming such as automatic gain control. Additional sources and receivers might be required to handle the dual bands that are characteristic of transceivers. Tests such as selectivity and sensitivity of the receiver require more than one source, and testing the transmitter’s ACPR and harmonics/spurs requires more stringent receivers.

The third category is the most complex combining RF/IF functions with digital such as quadrature I and Q baseband signals, Analog to Digital Conversion (ADC), Digital to Analog Conversion (DAC) and Digital Signal Processing (DSP) functions, often called System-on-chip (SoC). These are high pin counts requiring the most complex programming of the IC to thoroughly test all its functions. Additional tests include error vector magnitude, bit error rate (BER), phase locking, jitter, response times and digital test such as scan-based test, Automatic Test Pattern Generation (ATPG), and memory test. 
10.1.2
RF Test Challenges
RF test challenges are summarized in signal integrity, de-embedding, modeling, correlation and DUT specification [2].

A- Signal Integrity

Many factors contribute to the complexity of RF testing. Signal integrity, the requirement for a clean DUT socket-to-board-to-tester path, and a 50-( environment are key elements for obtaining an accurate measurement. Minimum discontinuities in the signal path can disturb the measurement accuracy. A stable RF measurement requires high-performance contactors and a precise contact pressure. Because the RF signal levels are very low, good electromagnetic isolation and external noise immunity are required during testing, and the surrounding environment should emulate end use. The lack of good signal grounds near the DUT pins alters signal integrity. The situation becomes adverse in a SoC environment where 1.2V to 3V digital switching signals are near low-level RF signals, for example, -100 dBm for a receiver. In this case, isolation between the RF and high-speed digital signals in the DUT and test board becomes a requirement.

B- De-embedding

The objective of de-embedding is to find the losses between the DUT and the ATE system either in a vectorial or scalar form. The losses are used to offset the value of an RF measurement obtained by the ATE system. Usually, the procedure uses the measurements obtained by using short, open and load calibration standards and performs some mathematical operations to solve the equations. 

During testing, the main concern is the uniformity of off-chip interconnects and the interface with the automatic test equipment (ATE), probes, sockets, load board, and so forth. This has direct influence on measured behavior, and an accurate measurement can be only obtained by a painful de-embedding procedure.
C- Modeling

Modeling the impact of the contactor and the test board is important for design stability and increasing test margins. Much work must be done to accurately model the RF signal path between the DUT and the tester before a successful first pass of silicon and the test board can be achieved. Parasitic effects on DUT performance (not just on measurement accuracy) are typically not well understood. Poor RF test hardware design methodology can lead to substantial delays and higher costs. Robust test hardware design methodology, a rich library, two- and three-dimensional simulation, parasitic simulation, and powerful simulation tools reduce the risk of an unsuccessful manufacturing test solution.

D- Correlation

Another major issue with RF testing today that can impact time-to-market (TTM) is correlation from tester to tester, customer to production, fixture to fixture, and offsets versus absolute accuracy. RF devices are typically very sensitive to their environment, a characteristic that manifests itself through board-to-board and tester-to-tester variation. The fudge factor (or offset) between the “golden”/expected and tester data saves time, helps solve hardware variation problems, and does not impact the go-no-go test decision.

C- DUT Specification

In recent years, RF circuits have performed better than the test equipment; the complexity of RF test specifications represents a technology bottleneck. Parameters such as noise, jitter, nonlinearity, bit error rate (BER), error vector magnitude (EVM), and modulation require state-of-the-art instrumentation. Digital modulation schemes, such as QAM16, QPSK, and W-CDMA, drive aggressive ATE hardware and software requirements.
Given all of these serious issues that need attention in testing RF components, how one tackles these items while improving quality and reduces test development time, and thus cost, is discussed in the next section.
10.2 RF TEST COST REDUCTION FACTORS

There are several things that will cause delays, and thus increase cost, in developing a successful RF test solution. Ways of decreasing delays and cost of RF test are:

A- At the development stage:

1- Performance

· Robust test hardware design methodology: library, 2D&3D simulation, parasitic simulation tools.
2- Reduce Tester Cost:

· Design-for-test (DFT) on the test board such as:

· Convert RF signals to low frequencies in the test board.
· Help the tester’s digitizer to capture signals with high dynamic range.
· Choose the appropriate devices in the test board (like military spec devices).
· On board RF source.
B- At the manufacturing stage:

1- Easy transfer from test development stage to manufacturing stage
· A good de-embedding methodology: improve accuracy and variation from board to board and tester to tester

· Fudge factor (offset) between golden and tester data: save time and solve variation problems, No impact on go/no go test.

2- Decrease the Device Interface Board (DIB) test circuitry utilizing the DUT itself:

· Chain test, loop-back test 
3- Improve throughput:

· Parallel test, Ping Pong test.

It is important that the test engineer has a thorough understanding of the mentioned items because there are other non-ideal test environments that are not always avoidable such as:
· Parasitics added by the socket/wafer probes causing decrease in isolation, stability and power/gain. This results in deviation from the “soldered down” test.

· RF ICs not designed with testability in mind – some argue this is an IC designer issue.

· Tests added during development stage.

10.2.1
Resources and Test Time Cost
The costs associated with test equipment for the time spent testing each device are the primary factors that impact the overall test cost as shown in Table 10-1 [3].
	Contributor Test Time
	Contributor Test Costs

	Handler Capability
	Test System Capital 

	Index Time of Handler
	Handler Capital 

	Tester Capability/Speed 
	Operations Overhead

	(Electrical Test Time)
	(Operator, Building,

	
	Maintenance)

	Handler/Tester/Controller
	Test Hardware &

	Communications Time
	Software Development

	
	Engineering


Table 10-1: Test Time and Test Cost Contributors

To better understand the impact these factors have on the test cost for one device, we generated
 a simple model from the following approximate cost assumptions:

· A handler costs $300K and depreciates at a fixed rate for five years.

· An ATE RF tester costs $1M and depreciates at a fixed rate for five years.

· Operation and maintenance of a tester and handler on the manufacturing floor costs $50 per hour. This estimate is a fixed cost that contains everything except capital equipment or test development engineering.

· Hardware and engineering time to develop the test solution costs $150K. This estimate assumes the engineer spends three to six months on the test solution over a two-year program life.
Figure 10-2 emphasizes the relative importance of the test time on the overall test cost per device. The cost factors associated with testing a device at various test times are shown. The lowest limit in the test is set to 280 ms (a 200‑ms handler index time
 plus an 80‑ms test time).
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Figure 10-2: Test Cost per Module Verses Test Time on a $1 Million Tester [3]
Note that the primary contributor to the device cost is the operations overhead cost followed by the test system capital cost.

According to this model, a 330 ms total test time using a $1 million tester leads to a one-cent-per-module total test cost adder. At 330 ms, each tester is capable of testing 50 to 90 million modules per year. For example, if the manufacturing tests floor runs 17 hours per day, 7 days a week, and 48 weeks per year (or 5712 hours/year), the total capacity at a 330 ms total test time is 62 million modules. At this capacity, one or two testers can normally accommodate all the product requirements, reducing the additional cost of maintaining multiple systems correlated across a test floor.

Based on the above assumptions, an RF IC test system is needed that could achieve a 300 ms (or less) per device test time using a $100K tester to reach the targeted one-cent-per-device test cost adder.

How to accomplish these two factors will be discussed starting with test time reduction and then the hardware cost.
Two things influence times the most: The time for the test program to run and how fast can the handler move the parts between the bins and the socket or move the wafer. One way to reduce the program test time is to simplify the test measurement required such as converting a test signal to a DC parameter instead of digitizing it. This is covered in the following section: Test Hardware, but first the handlers.
10.2.2 
Handler

With test times in the milliseconds and on the order of the handler index time, test system designers recognize the importance of not decoupling the handler from the tester. In the sub-second regime, the interaction of the handler, tester, and controller play a critical role in the total test time. To develop a millisecond tester, the following steps are recommended:

1. Find the handler with the fastest index time that can serially place a component into the socket.

2. Develop the RF hardware to optimize the handler throughput and minimize capital investment.

3. Fine-tune the composite tester/handler combination for optimum throughput.

4. Run all general-purpose interface bus (GPIB) communications during the idle handler load time.

In item 1; note that the handler determines the tester used. It is not recommended developing a test on the best RF tester available and then moving it to a handler. Both the handler index time and the electrical test time must be understood to achieve test times below 1 second per device.
10.2.2.1
Handler Types Considered

Three types of handler operation modes have been considered and analyzed.
Rotary handler—The rotary handler has multiple arms and queues devices in an assembly-line fashion. Rotary handler tasks can be divided into shorter, parallel tasks. This feature enables the handler to reduce the effective index time to that of the longest individual task. The index time
 of the rotary handler used herein was 150 ms.

Pick-and-place handler—The pick-and-place handler can operate serially or in parallel to pick up the devices and place them in a test socket. The index time of the pick-and-place handlers used herein was approximately 1.2 s per device.

Pick-and-place handler in ping-pong mode—A pick-and-place handler in ping-pong mode has two sockets on the test board. While the tester is testing the device in one socket, the handler removes the device from the other socket and queues up a new device over the empty socket.  When testing is finished on the first device, the handler quickly places the queued device into the second socket. If the test time is greater then 1.2 s, the index time is 0.3 s. If the test time is less then 1.2 s, the total test time plus the index time remains at 1.2 s.


In Figure 10-3, throughput for each of the three types of handlers is plotted against test time. Only serial pick-and-place or rotary handling was considered in RF testing. Parallel testing of wireless devices was not pursued because of electromagnetic field coupling effects, increased noise level, and limited RF test receiver resources.
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Figure 10-3. Tester Capacity per Hour for Three Types of Handlers [3].
In Figure 10-3, note that ping-pong mode testing outperformed serial testing on a pick-and-place tool. For test times below 1 s, the rotary handler had a sizable throughput advantage. For test times below 0.1 s, the rotary handler throughput can be three times that of the pick-and-place handler. Although the rotary handler enabled dividing the test into eight subtasks, division was not necessary for this test. In this case, parallel testing may have been possible due to the longer distance between fixtures. Parallel testing would have enabled shielding, but would not have saved as much time as the parallel pick-and-place handler.
10.2.2.2
Handler Types Not Considered
Other handlers exist that were not considered in this comparison. Examples of these handlers are:

Strip handlers

—We did not consider strip handlers because of the high tester and handler capital cost. Strip handlers require major changes in the packaging lines and cause engineering problems, such as those associated with trying to probe multiple adjacent RF components. To touch the lead frame of a device in a strip handler, we use a probe similar to the one used for wafer test instead of a socket. When using a probe instead of a socket, it is more difficult to get the matching circuit of a lead as close to the device. This added distance increases the probe inductance and makes matching more difficult and sensitive to device variations. In addition, because the ground plane is shared in a strip handler configuration, the number of parallel devices can amplify the noise induced in the ground plane. If the device is tested serially on a strip handler to avoid potential crosstalk issues, the individual index time is removed, but the RF tester receiver must be routed to each of the test sites. For package manufacturers currently using strip handlers, further investigation into the business case for developing RF tests on a strip handler may be worthwhile as parallel RF testers become more economical.

Multisite pick-and-place or gravity-feed handlers—we have not considered these type of handlers because of the RF crosstalk effects between adjacent sites on the test board and the complexity of parallel RF measurement circuits. These handlers can be used to serially test the RF portion and parallel test the direct current. When used this way, we found that the RF tests consumed 60–80% of the test time. For example, given a 1‑s test time with parallel testing on 30% of the tests, then:

(1 s for 2 devices + 0.7 ‑s serial test overlap) ( 0.85 s per device

(1 s for 4 devices + 2.1‑s serial test overlap) ( (1 + 2.1)/4 = 0.78 s per device

(1 s for 8 devices + 4.9‑s overlap) ( 5.9/8 = 0.74 s per device

Therefore, as the number of sockets increases:

· The test time per device decreases,

· The jam rate associated with getting four or eight small RF devices correctly aligned in the socket increases (we struggled with two devices in parallel), and

· The complexity of the tester and a test board capable of switching the RF signal to multiple sites increases.

Multi-site parallel testing may be economical on devices which have only a short test time for RF section and a long test time for mixed signal section. In this case RF tests can run serially while the mixed signal tests are run in parallel. This avoids the RF coupling problem between sites. Given the above-stated problems with parallel RF test, so only serial handlers either pick-and-place or rotary can be used for RF testing.
10.3
TEST HARDWARE
The cost of getting an RF product onto a tester is primarily driven by the test fixture hardware design, build and debug. The test code development time is a known, predictable quantity that normally takes less time than the design of the hardware. A poor hardware methodology on the other hand can easily lead to substantial delays and cost over runs. Having robust RF board design and simulation skills and tools is absolutely critical to containing schedules, development costs and surviving in the RF test business. Regardless of which tester you chose, you are in the RF board design business. Because of this, the subject of RF test hardware development methodology is extensively covered. Another necessary topic that must be covered is the development of sub-circuits providing the RF test functions and the cost reduction methods associated with them since $100k testers do not come with many options, especially RF test capability. First however, a “universal” board design is discussed because it provides several advantages in reducing costs associated with test. These advantages are:

1. Speed in verification of the hardware design since it is independent of ATE platforms allowing verification with well established, calibrated bench equipment.
2. Flexibility to the testing company in using different manufactures of ATE’s. 
3. Lower building cost than the full ATE platform boards that interface with the ATE’s test head.
10.3.1
Universal Test Board
What makes a test board “universal” is it allows one to port the RF test solution from one ATE platform to another or to a test bench setup. To accomplish this, we have developed a system of interface boards that bridge the uniqueness of various testers: an inner common design RF board surrounded by an outer unique “patch” board is employed. The patch board contains the connections to the ATE using the form factor dictated by the ATE. The RF DUT test board (inner board) contains the test socket and test circuits. Its shape is not dictated by the ATE and so it is designed to mate only with the outer boards. Its circuits are designed specifically for each RF product and independently of the tester platform. The outer board and inner board are connected together by several high-density, controlled impedance ribbon cables. The key benefit of doing this is that it allows RF development on one specific model of tester with manufacturing production occurring on another model without redesign. This opens up the number of test houses available to perform testing for this product. Since the outside interface board usually requires being thick with hundreds of connectors, or pads with vias to route internally, the cost is high. This is another cost reduction because it requires building only one of these boards per tester, and swapping in and out the less costly, project specific, inner board. 
Using a third-party tester as an example, Figure 10-4 shows the "Outer-board/ Octo Inner board" arrangement:
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Figure 10-4: Outer-board/Inner ATE board
A photograph of such a test board is shown in Figure 10-5. The product is currently in volume production within IBM.
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Figure 10-5: Bottom and Top View of ATE support board and Octo board
10.3.2
RF Test Function Sub-Circuit Design

Commercial RF ATE systems consist of microwave sources and receivers. Both the sources and the receivers are designed to cover a wide range of frequencies and powers. In the initial stages of characterization, this flexibility is a necessary feature, which enables very rapid program changes. But once the part reaches the final stage of production, only a few worst-case frequencies or powers are actually required to guarantee the performance of the device. The degree of purity and dynamic range of these few critical frequencies can directly effect the test time. Noise in the signal requires an increase in measurement averaging which results in increase test time. When the measurement requirement becomes very limited, such as the measurement of one tone that is in proximity to another tone that is higher in power, then a focused narrowband receiver can often do a better job than a broadband receiver. The ability of a receiver to select a signal without interference from an adjacent signal is called selectivity [4]. Another receiver parameter is sensitivity. This is the receiver’s ability to measure a given signal relative to the receiver’s noise floor [4]. A circuit that is specifically designed with passive filters for one frequency, and mounted on the test board as close as possible to the DUT, has a higher signal to noise ratio and requires less averaging. The reason for this is that the narrowband filter has less noise bandwidth going to the detector/digitizer. Other factors such as the dynamic range of the digitizer or detector diode can have a role in this parameter as well. The cost of having a fully loaded ATE system and the cost of test time becomes a large factor of the total test cost when the part goes into mass production test. To eliminate the need of purchasing fully loaded ATE systems and to reduce the test time, five key circuits can be developed that are easily added to the test board directly or connected to it as a “daughter” board. These circuits will now be discussed and have been implemented in the studied system.
10.3.2.1
RF Power Gain/Noise Figure Detector

Noise figure is a sensitive test that requires good calibration and involves measuring very low level signals that are easily corrupted through external RF interference. Figure 10-6 is a circuit used to measure the noise figure and gain of a device under test (DUT). The noise diode generates a broad band RF signal which is filtered in the narrow band filter. This RF signal is referred to as “white” noise since it ideally has a Gaussian power distribution equal across a broad frequency spectrum. The power can be determined by the Excess Noise Ratio (ENR) given for that diode. As the name applies, the ratio is the difference between the diode’s equivalent temperature (Te) and 290K, over 290K. The relationship between Te and the diode’s power is determined with Boltzmann’s constant. Example: at room temperature standard of 290K, the power density is -174dBm/Hz. A good noise diode has an ENR between 20 and 30dB. The ENR is calculated by measuring its output power, but care must be taken since amplification, which adds its own noise, is often required to measure the low power output from the diode. A good reference for understanding noise generation and noise figure measurement can be found in [5].
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Figure 10-6: Noise Figure Measurement Block Diagram
What is not shown in this circuit is the switching between “hot” and “cold” paths that take place between the noise diode and the filter. The “hot” path allows the full power from the diode to pass into the filter, which is typically –155dBm/Hz to 
–145dBm/Hz depending on the construction of the diode. The “cold” path attenuates the power by several magnitudes so the output power is just above -174dBm/Hz so it is more stable with fluctuating temperature. On the receiver side, a narrow band filter is used to filter out any out-of-band noise. The Low Noise Amplifier (LNA) mounted within an inch of the part is used to amplify the signal into the RF detector. Use of temperature compensating biasing results in a circuit that is not sensitive to temperature. The total uncompensated error in the circuit between -20o C and 80o C was 1dB. We did mount a thermistor on the board in our initial design for temperature compensation, but so far, we to have found it unnecessary. Alternating “hot” and “cold” noise through the DUT, results in two power measurements. The ratio of these powers with hot over cold allows the Y Factor Method to be used to determine the gain and noise figure of the DUT and the receiver. The effects of the receiver can be subtracted by determining the noise figure of the receiver using the same method, but without the DUT. In practice, the receiver’s noise and gain contribution is previously determined and kept in a look up table. Calibration is done by switching to a bypass circuit of the DUT to the receiver where power measurement is compared to the look up table. This circuit has been used on a dual band LNA receiver chip to reduce the test time from 1 sec/part to 150msec/part. Both the source and the detection of the circuit have been done with an HP4142 DC source monitor channel.

10.3.2.2
Phase Noise and the FM Discriminator
Figure 10-7 is a Phase noise circuit that was used to measure the phase noise of free running RF voltage control oscillators (VCO). In this circuit the RF signal is split with a 90 degree phase shift so that the signals that meet at the mixer will cancel if the phase noise is zero. If the phase noise is not zero then only the low frequency phase error comes out of the mixer. The signal is then passed through a low pass filter to eliminate the high frequency term from the mixer. A DC sense line is used to adjust “vtune” on the VCO so the frequency through the delay line is quadrature to the other path at the mixer’s inputs. The delay line is to de-correlate the paths; the more the delay, the higher the sensitivity of the discriminator, but a compromise has to be made with the loss in the line and frequency offset limitation due to the sinc function [6]. A narrow band filter is used to place a window around the phase noise offset of importance which is consistent with the test requirements. The quality factor Q of this filter is extremely important but achievable with off the shelf components. The RF detector then measures the power in that window without the need for averaging or stepping through the window in discrete frequency steps. A complex RF phase noise measurement is now reduced to a simple DC voltage measurement.

[image: image9]
Figure 10-7: Block Diagram of RF Discriminator
10.3.2.3
ACPR & IP3 Measurement

IP3 or ACPR measurements both involve measuring a small tone adjacent to a larger tone like those shown in Figure 10-8.
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Figure 10-8: Two Tone Test for IP3 Measurement
The problem is that the larger tone will saturate the receiver due to limitations in the receiver dynamic range. Filtering out the primary signal is not an option due to how close the adjacent signal is to the primary relative to the high primary signal frequency. So the signal is down converted with a mixer to a lower frequency where it is possible to filter out the primary signal (see Figure 10-9) because of the availability of higher Q filters at these lower frequencies.
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Figure 10-9: Block Diagram of High Selective Receiver

An attenuator is placed in between the DUT and the mixer to prevent reflections from the mixer getting back into the DUT. The narrow band filter is lined up to include just the adjacent tone. The RF detector is used to convert the power measurement into a DC voltage. A complex time-consuming IP3 measurement is reduced to a DC voltage measurement. Prior to using this circuit the IP3 test had been the longest test for LNA and mixer components. The ATEs take longer time and are less precise for IP3 measurement due to the limitation of their receiver dynamic range. After implementation of the circuit the test time reduced 100x for both the overall test as well as this specific test.
10.3.2.4
RF & LO Source

Figure 10-10 is a circuit used when a specific tone is required for either an LO or a mixer input and replaces the tester’s RF source. The frequency of the circuit is limited to a narrow band of the VCO. The PLL has digital control lines which are used to adjust the frequency. The RF sense detector is used to monitor the variable attenuator, VCO and amplifier power. An external frequency counter is used to periodically check the VCO frequency. The PLL was an off the shelf, self contained part. There are commercially available modules that included the entire circuit and are controlled via several digital pins. We preferred this approach so we would have more control over the VCO source and filtering. The spectral purity of this source was compared with the company’s commercial RF manufacturing test systems. Not only did the source have better phase noise but it also leads to a lower test time when used as an LO source for an IP3 measurement. The drawback of using these circuits as a source is the limited frequency range. The wider the frequency range of the VCO, the worse the phase noise, so we tended to use very limited frequency range VCOs.
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Figure 10-10: Block Diagram of Frequency and Amplitude Adjustable Source
10.3.2.5
S-Parameter Measurement

Testing Scattering (S)-parameters
 
requires the accurate measurement of two power levels. For S11 or S22 measurement, the powers to be measured are the incident and reflected powers. Figure 10-11 shows a block diagram of the key components in accomplishing this. A directional coupler is often used in place of the circulator because of having a wider bandwidth, but circulators have the advantage of no coupling loss, which means it can measure lower return loss. In both cases, the main limitation in accurate S11 and S22 measurement is the isolation of the Circulator, or in the case of using a directional coupler, the directivity. The reason is that the “forward” power going to the DUT is often much higher than the reflected power so any forward power that leeks into the return path to the detector can mask the reflected power. Knowing the isolation/directivity will determine the error in measurement for a given return loss measurement [4]. 

[image: image13]
Figure 10-11: Block Diagram showing S11 Measurement

S21 measurement can be made by implementing the circuit shown in Figure 10-12. Directivity is not as important for this measurement as it is for the previous one. All S-parameter measurements can be made using couplers and differential log detectors. Several configurations can be done to allow measurement of S11, S22, S21 and S12 such as the use of switches or multiple couplers in the path of the DUT. Differential log detectors that are available on the market have large dynamic ranges in power measurement to allow measurements to be made up through the cellular bands. The DC output vs. RF power input is characterized with a sine wave. Some detectors also characterize other inputs available like Gaussian noise or standard WCDMA, but sine wave is often used for these measurements.


[image: image14]
Figure 10-12: Block Diagram Showing S21 Measurement

10.3.3
COMPLETE TEST ARCHITECTURE

The individual building blocks discussed in the previous sections are assembled in an RF test architecture that allows us to use low cost testers in order to reduce the test cost. The universal test structure utilizing RF building blocks is shown in Fig 10-13. The on-board circuitry is used to interface with the low cost tester. The goal is to make the architecture composed of RF building blocks more portable across multiple IC projects and test platforms. As an example, the main signal path for testing the LNA input (S11 for example, see Figure 10-11) is illustrated in Figure 10-13 with (highlighted) heavy black lines.
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Figure 10-13: Block Diagram of On-Board Design for Test Circuitry

In this GPS (Global Positioning System) DUT testing example, all of the RF testing involves the testing of the front end low noise amplifier (LNA) and the following receiver variable gain amplifier (VGA) input circuits. Beyond the VGA, in this example, the signal is down converted internally by the GPS device to frequencies below RF so that testing reduces to digital and mixed signal testing. For the LNA, however, the test specification requires that S11, S22, S21, gain compression and noise figure to be measured at RF frequencies. For the VGA and receiver circuits that follow, the tested measurements are VGA S11 (RF test), automatic gain control (AGC), loop sensitivity (lower frequency digital test), AGC noise sensitivity (lower frequency digital test), AGC image rejection (lower frequency Fast Fourier Transform - FFT), AGC gain (lower frequency FFT), and AGC dynamic range (lower frequency digital test). The stimuli for these tests are be either the RF frequency synthesizer outputs or noise signals that have been band-pass filtered. The frequencies of interest in both cases are in the vicinity of 1.575GHz and the signal levels vary from -30 dBm to -100dBm. 
The test structure of Figure 10-13 is composed of a programmable RF synthesizer, Logarithmic power detectors (Log Detectors), noise figure measurement circuitry, directional couplers, band pass filters, fixed and variable attenuators, calibration circuitry and switching matrix. 

Calibration circuitry it is an important feature in this test architecture. Calibration of the signal sources and detectors must be performed initially. It is always a good practice to calibrate periodically, in order to make sure that both the calibration monitoring circuits are functioning properly and that the test measurement circuitry is still within calibration limits. 
There are two RF sources types that need calibration in Figure 10-13. One is the programmable RF synthesizer and the other is the noise diode. There are several RF test points located on the test board so that RF bench equipment can be plugged into the board to monitor signal power levels and spectra during the calibration process. There are also two RF logarithmic detectors that need calibration. They have RF test points available for connecting external equipment. Software has also been written to determine the slope and offset of the output DC voltage from these detectors with varying input power levels at the frequency band of interest.

The RF switching matrix allows us to configure the connection of these sources to the RF detectors during calibration or the connection to the DUT during testing.

Test improvements

Reuse of circuits allows new projects to pick up the design with reduced development time and cost of implementation. In addition, for those tests where RF measurements are implemented with software algorithms, such as discrete Fourier transform (DFT) algorithms, there have been improvement factors of 7 times in test time and factors of 2 times in standard deviation [2]. Focusing specifically on test time reduction, the use of these building block circuits over the “as-delivered” solution on RF ATE is summarized in Table 10-2 for typical RF tests. 
	Parameter
	Test time using ATE
	Test Time using On-Board DFT
	 Test Time Improvement

	Gain
	40ms
	10ms
	300%

	S11
	60ms
	10ms
	500%

	S22
	60ms
	10ms
	500%

	NF 
	80ms
	20ms
	300%

	IIP3 with 85db dynamic range and 800Khz spacing
	384ms
	120ms
	220%


Table 10-2:  Test Time Improvement for Different Parameters 
Table 10-3 shows the benefits of this methodology for a complete suite of tests applied to a particular device type. Data on the improved repeatability of test when utilizing these methods has been obtained and is presented in Table 10-4 for various RF measurements. The ATE standard deviation is the measured standard deviation of testing a single part repetitively using a conventional ATE outfitted with RF measurement capability. The on-board DFT column shows the standard deviation obtained on the same part utilizing a similar ATE without the RF measurement capability but employing the on-board design for test methods presented in the previous sections. In all cases, major improvements were observed.
	Product
	Test Time Reduction:

	Si bipolar preamp
	70%

	SiGe integrated transmitter
	25%

	SiGe integrated receiver
	25%

	802.11a,b WLAN
	40%


Table 10-3: Test Time Improvements by Product

	Parameter
	ATE standard deviation
	On-Board DFT Standards deviation

	Gain
	0.010db
	0.0038db

	S11
	0.031db
	0.0066db

	S22
	0.031db
	0.0062db

	NF 
	0.084db
	0.0160db

	IIP3 
	0.280db
	0.090db


Table 10-4: Test Repeatability Data 
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�An index time of 200 ms is given for a rotary-mode handler. Index time is the time from the end of  testing a device to the start of  testing the next device


� For more information see web site  http://www.amkor.com/services/test/striptest.cfm


� S parameters are reflection and transmission coefficients of a network


� Traditional being cantilever or Cobra style probes.





�Please give full term and the acronym in parantheses. Use footnotes if necessary.


�You could add an IBM internal technical report here. I have asked other authors too, to avoid using their company’s name in the text.


We don’t have an official internal report for this section


�The first time you mention index time please give a short footnote explaining that it is the time to go to the next device, or something like that.





The index time definition is added in footnote 1


�Do you have any reference to cite that says about the use of Strip Handlers?


�Please give footnote for what S-parameters are.


�A last column “Test Time Reduction” or “Improvement” could be added.


�References? Web sites of companies maybe.


�The paragraphs in pages 25 and 26 can be significantly reduced. Please remove the too detailed PCB design parts.


�Short footnote about what a balun is. “single end to differential transformer” etc.


�Please give in a footnote explnation of the variables in the equation.


�Reference? Web site maybe?


�In some point of the chapter, please give an idea of the cost of High-Cost ATE and also list the types of measurements they can perform.
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